The adsorption of organosilanes on low energy surfaces. by Smith, Julie Anne.
1 2 8 9 3 7 6  ( 5 9 1 8 9 3 7 )
ProQuest N um ber: 10130959
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is d e p e n d e n t upon the quality of the copy subm itted.
In the unlikely e v e n t that the author did not send a c o m p le te  manuscript 
and there are missing p a g e s , these will be n oted . Also, if material had to be rem oved,
a n o te  will ind icate the deletion .
uest
ProQuest 10130959
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C o d e
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 8 1 0 6 -  1346
The Adsorption of Organosilanes on Low
Energy Surfaces
By
Julie Anne Smith
A thesis submitted to the University of Surrey 
for the degree of Doctor of Philosophy
September 1999
School of Mechanical and Materials Engineering 
University of Surrey 
Guildford 
Surrey 
GU2 5XH
Abstract
ABSTRACT
Adhesion promoters are traditionally used to improve the durability between an 
adhesive or any other organic phase, such as a sealant or a paint, and a metallic 
substrate. There are many different types of molecules which will act as adhesion 
promoters, but one class which has attracted considerable attention is that based on 
the organosilanes, such as y-aminotriethoxysilane, or y-glycidoxypropyl 
trimethoxysilane. Applications o f such adhesion promoters are to be found in sealants, 
rubbers, primers in packaging and primers for coatings and adhesives.
Organosilanes as adhesion promoters are widely used in industry, and until recently 
have been included in adhesive formulations in an empirical way, because it has been 
observed that the adhesive properties and hydrolytic stability can be improved. 
However recent work is leading to an understanding of how the silane molecules 
specifically interact with metallic and inorganic substrates. Little is known at the 
present time regarding the mode of operation o f such molecules when applied to 
polymeric substrates.
The purpose of the current work was to probe interaction of these molecules with low 
energy polymer substrates, for example, poly(methyl methacrylate) (PMMA) and 
poly(ethylene terephalate) (PET), using surface analysis techniques. Two factors 
which have been identified as controlling the adsorption of the organosilanes onto low 
energy substrates are the solution chemistry and the surface energy of the polymer. 
Both have been investigated extensively within this project. The latter was identified 
by means of investigating a series of substrates, with increasing polar contribution 
towards the surface free energy. The highest polar component was displayed by 
corona treated PET, which also displayed the highest levels of adsorption of 
organosilanes.
Investigation of the adsorbed layer of the organosilane on the corona discharge treated 
PET has led to an understanding o f the mechanism of the interaction of the molecules 
with all of the low energy substrates, and models for such interactions are proposed 
on the basis o f spectroscopic observations.
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Chapter I: Introduction
CHAPTER 1
INTRODUCTION
1.1 ORGANOSILANE ADHESION PROMOTERS
Adhesion promoters, or coupling agents are chemicals which are used to enhance 
the adhesion between two interfaces which are poorly compatible, or which have 
low hydrolytic stability. These molecules form a link between the substrate and 
the overlayer, interacting with both in such way that the interfacial strength and/or 
stability are increased beyond that achieved between the overlayer and substrate 
alone. Adhesion promoters are often included an adhesive, sealant or coating 
formulation, and the one used depends upon the particular system. There is a wide 
range of coupling agents available in industry of varying complexity, including 
organosilanes, titanates, zirconates and diketones. (1,2)
This study is principally concerned with coupling agents which contain a silicon 
atom, i.e. organosilane coupling agents. The general formula for an organosilane 
coupling agent is X-Si(CH2)n-R where n=0-3, R is the chemical group selected for 
its compatibility with a given resin, for example epoxy, vinyl or amine group, and 
X is a group which will undergo hydrolysis to produce silanols which are capable 
o f interacting with the substrate, for example alkoxy groups.
Organosilane coupling agents were originally used to enliance the bond strength 
and hydrolytic stability of glass fibre composites (3-8). Later, the same chemicals 
were used to enhance the bond strengths of adhesive joints and coatings applied to 
steel (8-11). For this reason, a vast majority o f the research carried out to date has 
been in reference to these substrates, and to a much lesser extent, with aluminium 
as the substrate. The published literature on the interaction of organosilanes with 
polymers have mostly been with the polymer as the mobile organic phase, which 
is applied to one of the substrates already mentioned, such as steel, or aluminium. 
There is little work published on the interaction of these molecules with low
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energy substrates. It is the intention of this project to begin to study this type of 
interaction, by investigating the adsorption of the organosilane molecules onto a 
selection of polymeric substrates with increasing surface energies.
1.2 LOW ENERGY SUBSTRATES
Organosilane adhesion promoters are used in sealants for example, to enhance the 
bond strength at the polymer-to-polymer interface. The incorporation of the 
organosilanes has been an extension of their use with glass and steel, which was 
found to be successful in improving the bonding of the sealant with the polymer 
substrate. The enhanced bond strength with a polymer substrate has been found 
empirically, and without any real appreciation of the chemistry of the interaction 
of the organosilane. This project is a fundamental study of the interaction of 
organosilanes with the surface o f a polymer.
Polymers have very low surface energies compared to those of metal surfaces, for 
example. The former is usually in the range <50 mJ m'^, and the latter is often 
>500 mJ m'^. This combined with the low reactivity of polymer surfaces results in 
them displaying poor levels o f adhesion compared to metals.
The polymer with the lowest surface energy used in this study was poly(methyl 
methacrylate) (PMMA), which has a surface free energy of 39 mJ m'^. Although 
this polymer has some polarity, it is dominated by the dispersive component of the 
surface energy. Poly(ethylene terephthalate) (PET) has a surface free energy only 
slightly higher than PMMA, at 43 mJ m'^, but the contribution of the polar 
component of the surface energy is higher, even though the surface energy is still 
dominated by the dispersive component (12).
There are several ways in which the surface energy of a polymer can be increased. 
These include surface treatments, such as flame treatment, low-pressure glow 
discharge treatment, chemical etching, or corona discharge treatment. The third 
polymer investigated in the current work, and the one with the highest surface 
energy (>55 mJ m'^), was corona discharge treated PET. The treatment served to
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change the contributions of the surface energy term, such that the polar 
contribution was higher than the dispersive.
Therefore the three polymer surfaces investigated in this thesis are of increasing 
surface energy, and perhaps more importantly, of increasing polar contribution to 
the surface energy. This allowed the investigation to look at how the nature o f the 
substrate affects the adsorption of the silane. The conclusions from this were then 
used to predict how the organosilanes will interact with other surfaces, with the 
knowledge of their surface energetics, and chemistry.
1.3 AIMS OF PROJECT
The overall aim of this project is to investigate the adsorption of organosilane 
adhesion promoters on low energy substrates. The substrates investigated are of 
increasing surface energy, which should allow conclusions to be drawn which can 
be used to predict the adsorption characteristics of organosilanes on other low 
energy substrates.
This is to be achieved by the use of surface analysis techniques, mainly X-ray 
photoelectron spectroscopy (XPS), and time-of-flight secondary ion mass 
spectrometry (ToF SIMS). The quantified data from either of these techniques is 
used to obtain adsorption isotherms of organosilane on the polymer substrates. 
Angle-resolved XPS is also utilised to determine the orientation of the molecules 
on the surface.
A secondary aim is to characterise the effect o f corona discharge treatment on the 
surface chemistry and morphology of poly(ethylene terephthalate) film, using 
XPS, ToF SIMS, atomic force microscopy, and surface energetics. This is 
specifically for the purpose o f the investigation of the interactions of 
organosilanes with the corona treated surface.
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1.4 OUTLINE OF THESIS
This thesis is divided into twelve chapters. Following this introduction, the 
general outline of the subsequent chapters will be as follows:
Chapter 2 is a review of the published literature which is relevant to the current 
research. Topics that are discussed include the solution chemistry of 
organosilanes, the effects of corona discharge treatment on polymer surfaces, and 
theories of adsorption.
Chapter 3 introduces the experimental techniques which have been used during 
the course of this project, and includes a description of X-ray photoelectron 
spectroscopy and time-of-flight secondary ion mass spectrometry. Briefer 
descriptions of NMR spectroscopy, surface energetics and atomic force 
microscopy (AFM) are also included.
Chapters 4 to 9 present the results o f adsorption studies from substrates with 
increasing surface energies, starting with commercial poly(methyl methacrylate) 
sheet, then thin films o f poly(methyl methacrylate), moving on to poly(ethylene 
terephthalate) film, and finally to corona discharge treated PET film, which is 
characterised in Chapter 8. This experimental section also includes Chapter 5, 
which is a study of the behaviour and properties of the specific organosilane 
solutions used in this project. Reported behaviour includes a NMR spectroscopy 
study of the condensation reaction of two silanes with different functional gi'oups, 
and also the effects of impurities in the solution.
Chapter 10 presents a discussion on the adsorption of organosilanes on low 
energy substrates.
Chapter 11 and Chapter 12 present the main conclusions of the work presented in 
this thesis, and possible further work which could usefully be carried out in this 
field.
Chapter 2: Organosilane Adhesion Promoters, Low Energy Polymer Substrates and Adsorption
CHAPTER 2 
ORGANOSILANE ADHESION PROMOTERS, LOW 
ENERGY POLYMER SUBSTRATES AND ADSORPTION
2.1. INTRODUCTION
The following chapter will review the published literature on the themes which are 
pertinent to the work which is presented in this thesis. One of the main challenges in 
dealing with silane adhesion promoters is the complex chemistry involved in the 
hydrolysis and condensation reactions. Hence the first section of this chapter reviews 
work that has been carried out to elucidate the chemistry of the organosilane reactions, 
in particular the solution chemistry. NMR spectroscopy has been an extremely useful 
technique for these studies, and has been used extensively in the context of sol-gel 
studies, for which the initial solution chemistry is the same as that of organosilanes used 
as adhesion promoters. Aminosilanes aie a type of organosilane, which exhibit 
distinctly different behaviour to many other organosilanes. The literature available 
investigating these molecules has been thoroughly reviewed as aminosilanes are 
amongst the organosilanes employed in the work presented in this thesis. This section 
also includes a review of the basic mechanisms o f enhanced interfacial bond strength, 
' and of the techniques which have been used to establish interactions of silanes with 
various substrates.
It is the intention o f this thesis to investigate the interaction of organosilanes with low 
energy substrates. The substrates which have been studied in this thesis stait at a very 
low surface energy, that is PMMA (surface free energy ys = 39 mJ m'^ ), then 
proceeding onto a polymer with a slightly higher surface energy, PET (ys = 43 mJ m" )^, 
and finally proceeding to corona discharge treated PET, which results in an even higher 
surface energy (12). The two substrates with the lowest surface energies, PMMA and
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PET, are standard polymers, for which characterisation of the surface by XPS and 
indeed ToF-SIMS, has been established, and an in depth review of the analysis of these 
polymers is not included here. However, the chemistry of the surface of the corona 
treated PET substrate has not been established. There is a significant amount of work 
which has been published on the effect of corona or plasma treatment on the surface of 
polyolefins, and it is largely this literature which has been reviewed in section 2.3 of 
this chapter. It is intended to use the conclusions from the studies of treated polyolefin 
surfaces in interpreting the data from the characterisation of the surface of the treated 
PET and hence infer the mechanism of corona treatment. From a knowledge of the 
chemistry of the corona treated surface it should be possible to accurately identify the 
interaction of the organosilane with the substrate, using techniques which have been 
employed in this thesis.
Finally, linking the solution and the substrate together, the last section included in this 
chapter deals with the theories o f adsorption o f molecules from solution. Much work 
presented in this thesis has been in the form of uptake curves, which are intended to be 
used to study the adsorption characteristics of the organosilane molecules onto the low 
energy substrates.
2.2 HYDROLYSIS AND CONDENSATION OF SILANE ADHESION 
PROMOTERS
2.2.1 Introduction
Understanding the hydrolysis and condensation reaction is a key to understanding how 
the silane molecules will interact with the substrate when applied from solution. The 
reason for this is two-fold, firstly the stability o f the solution and secondly the kinetics 
o f the hydrolysis and condensation reactions in the solution. The optimum conditions of 
the silane solution for adsorption are that maximum hydrolysis has taken place, but 
minimum condensation, because the hydrolysed molecules aie intuitively more likely to 
interact with the surface. There aie many factors that may influence the solution 
chemistry and therefore the chemistry of the adsorption and stability. These factors
6
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include pH, type of silane, concentration, temperature and water content. The type of 
surface and method of application will also have a profound effect on the chemistry of 
the deposited film (13,14).
In general the studies carried out on the hydrolysis and condensation o f silanes have 
used basic simplified molecules, such as tetraethylorthosilicate (TEOS) (15,16), which 
has four ethoxy groups attached directly to the central silicon atom, so does not contain 
a long carbon chain, or a functional end group. This simplifies the kinetics, as the 
problems of steric hindrance are avoided. How well these results can be transferred for 
use with "real" commercially available silane adhesion promoters has not been 
established, however they do offer good mechanistic insights. What is clear is that the 
hydrolysis and condensation reactions are greatly affected by the conditions under 
which they are applied.
This section introduces the general theories of hydrolysis and condensation of 
organosilanes, A thorough review o f the literature published on the behaviour of 
organosilanes in solution, and all the factors which affect them is also presented.
2.2.2 Hydrolysis
Although the basic mechanism for hydrolysis and condensation have been outlined in 
many publications, for example, Plueddemann, Arkles, Osterholz, (14,17,18), it is often 
thought that this mechanism is an oversimplification o f the actual chemistry o f the 
solution, as there are so many influencing factors which will affect the rate of a reaction. 
Hydrolysis occurs by nucleophilic attack by the oxygen contained in water, on the 
silicon atom. This mechanism has been indicated by the reaction of isotopically labelled 
water wnth TEOS that produces only unlabelled alcohol in both acid and basic 
conditions (Equation 2.1). The same behaviour has also been observed in alkoxysilanes. 
(19)
Si(0R)4 + 4H‘^0H Si('^0H)4 + 4R 0H ......... (2.1)
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Hydrolysis may occur during solution preparation or the silane may react with adsorbed 
moisture (20), either on the surface to which it will be applied, or to residual water in an 
organic solution. The general reactions for hydrolysis and condensation are illustrated in 
Figure 2.1 (21).
Hydrolysis
R'Si(0 R)3 ;
Ü20
R'Si(0R )2(0H) 
"20
R'Sî( 0 H ) 3 : ^ = îs  R’si(0R)(0H)2
Condensation
\  /—  SiOH + H O S t-/  \
\  /-^ iOH +
dimer
\
7 '" H20
 O  + H2O
oligomer
Figure 2.1: Principle reactions of hydrolysis and 
condensation of organosilanes 120)
The reaction product is water-soluble 
although the starting material is not. 
This means that the rate at which the 
organosilane dissolves into water is 
dependent upon the rate of hydrolysis. 
Hydrolysis is the key reaction in the 
preparation and handling of aqueous 
silane solutions. The hydrolysis 
reaction proceeds either by hydroxyl 
addition to the silicon atom, or proton 
addition to the oxygen atom.
Alkoxysilanes undergo hydrolysis by both base and acid catalysed mechanisms. In 
contact with high purity water under neutral conditions of low conductivity in non-glass 
containers, alkoxysilanes bearing no autocatalytic functionality are stable for weeks or
months (7). The pH of the solution has 
a great effect upon the rate of 
hydrolysis. This can be seen in Figure
2.2. Over a wide pH range, the 
observed rate constants fit a V-shaped 
profile with a minimum at pH 6-7. At 
a pH of greater than 10, the hydrolysis 
o f the isolable first intermediate is 
inhibited, which was attributed to the 
possible ionisation o f the SiOH group. 
At lower pH, the hydrolysis occurred 
in steps, with each successive alkoxy 
group removal step faster than the
Figure 2.2: A pH profile for the hydrolysis of 
phenyl bis-(2-methoxyethoxy)silanol in 
aqueous solution at 25°C
Chapter 2: Organosilane Adhesion Promoters, Low Energy Polymer Substrates and Adsorption
previous. These observations were attributed to the relief of steric hindrance at the 
silicon atom.
The product document from OSi Specialities Inc (22) suggests several practical 
implications of the hydrolysis reactions. Silanes are not necessarily water soluble, but 
once they are hydrolysed most commercial silanes are water soluble. It is suggested that 
the hydrolysis o f silanes occurs fastest under acidic or basic conditions, and that in 
practice acidic catalysis is preferred over basic catalysis. Surface pH and catalytic 
activity should be considered when reacting a silane with a hydroxylated surface. High 
silane concentrations are not possible due to competitive condensation resulting in 
silane oligomerisation and precipitation, which effectively determines the "shelf-life" of 
the solution.
2.2.3 Condensation Reactions
The condensation reaction is of major importance as it is the mechanism by which the 
siloxane backbone polymers are formed. As a result of this, many studies of 
condensation reactions have been published, most of which infer primary bond 
formation, but if this occurs in solution it may be deposited on substrate as a weak 
boundary Iayer.(18)
Polymerisation occurs either by condensation reaction producing an alcohol, or a 
condensation reaction producing water (Equations 2.2 & 2.3)
Alcohol condensation:
SiOR +HOSi SiOSi + ROH.........(2.2)
Water condensation:
SiOH + HOSi o  SiOSi + H2O.........(2.3)
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It is then possible for the other silanol groups to react with each other or with other 
molecules. In the case of the latter, a hard brittle polymer will be formed because o f the 
high degree of cross-linldng.
The condensation reaction always proceeds via a hydrolysed species. It is accepted 
wisdom that a solution prepared under normal atmospheric conditions will contain 
enough water for the reaction to proceed to completion without the addition of water. 
Although no water is actually required for the condensation reaction as such, it is 
frequently observed that some water is needed to obtain good surface properties (20). 
This is probably because the water at the surface leads to the production of FeOOH, 
using iron substrate as an example. This then allows the silane to form covalent bonds 
with the -OH groups on the surface, thus forming the -Fe-O-Si- bond, which has been 
established for the interaction of organosilanes with iron substrates. (23,24)
Intramolecular condensation can also occur in between adsorbed layers, which is vital 
for the production of chemically stable cross-linlced coatings at the surface of glass and 
minerals.
When water is adsorbed into a composite material for example, it accumulates 
preferentially at the interface o f the glass fibre and the matrix. If enough water collects, 
the siloxane bonds may be broken. This would result in displacement and eventually the 
disappearance of the silanes if they were not held in place by multiple bonds. 
Plueddemann has compared mono-, di-, and tri- functional silanes and the trifunctional 
was found to be far superior to the monofunctional, thus supporting the multiple bond 
idea (18,20).
Manufacturers information (22) suggests that the optimum pH for keeping the products 
of the organosilane hydrolysis reaction, i.e. silanols, in water under stable conditions 
ranges between pH3 and 5, but depends upon the nature o f the silane organic group. 
Also reactions with a hydroxylated surface will be faster when the surface is a proton 
acceptor (basic) than when it is a proton donor (acidic).
The difficulty in obtaining accurate kinetic data for condensation is as a result o f the
10
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numerous consecutive or parallel competing reactions. If effects beyond the next nearest 
neighbours are ignored, there are six possible hydrolysis routes, 21 possible water- 
producing condensations and 36 possible alcohol producing reactions (Figure 2.3) Since 
structural variations can only result from a different sequence of the three basic 
reactions (Equations 2.1, 2.2 & 2.3), the main questions concern what chemical and 
physical factors determine the precise sequence o f these reactions.
IIYOKOI.V.SIS In practice, condensation and hydrolysis
I I  I I s  reactions occur simultaneously unless
RO si— « t  --------► BO---- Si------ OR  .... -  RO------ S -----0 » ------------- Oil---------- Si---------OU
.s specifically separated, and the same 
^  R ^  j.  ^ factors which accelerate the hydrolysis
KO----Si------ O S i = ---------- ► RO---Si-----O S i = ------------*- OU-SÎ-------O S i SI  1 1, j o f alkoxysilanes also accelerate: the
\  J \   ^ condensation reaction (19, 20).
=  MO— Si O S c = “~L= However, Nishiyama et al. (25) reported
\  1 that the presence of colloidal silicaf accelerates hydrolysis o f silane coupling
agents, but decelerates condensation of
Figure 2.3: Possible hydrolysis and , , , , , .condensation pathways (14) hydrolysed monomers and dimers. This
was attributed to the acidic character of 
the colloidal silica surface. The main products were found to be oligomeric species even 
after 56 days. When no colloidal silica was present, polymeric species were the main 
product. The aim of this study was to elucidate the mechanism of reinforcement of 
silane adhesion promoters in a composite resin by the adsorption of organosilane 
coupling agents onto colloidal silica.
2.2.4 Silanes in Solution
In order to achieve inherent control and reproducibility of silane modification of 
surfaces, it is necessary to control the rate and the path of the reactions leading to the 
formation and consumption o f silanol rich species, particularly silanol rich oligomers. 
Maximising the availability o f such molecules, in terms of both time and concentration
11
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should lead to improved reproducibility of solution chemistry and greater surface 
interaction.
The silanol form of silanes, which is the product of hydrolysis, is beneficial as the 
silanols have greater solubility and reactivity than the alkoxy precursors and than the 
siloxane product of the condensation reaction. It then follows; that it is desirable to 
retain silanols in solution and to devise a system where the rate of hydrolysis is 
substantially greater than the rate o f condensation. This is made difficult by the fact that 
in general, the factors which accelerate the hydrolysis reaction will also accelerate the 
condensation reaction.
Rates of hydrolysis of alkoxysilanes are generally related to their steric bulk 
CH3 0 >C2H5 0 >C4 H9 0 . a  methoxysilane hydrolyses at 6-10 times the rate of an 
ethoxysilane. Figures 2.4 and 2.5 demonstrate that isobutyltrimethoxysilane hydrolyses
7,7 times faster than its ethoxy counterpart (19).
REACTION TIME (a )
Figure 2.4: Relative water concentration 
versus time during acid or base catalysed 
hydrolysis of TEOS or TMOS (19)
2 0 -
* * B
«3 s  A
—  ,   1----» :   '
0 100 2 0 0  300
tbne(min)
Figure 2.5: Hydrolysis plot of 8.6wt% APMS 
(Curve A) and 11.5wt% APES (Curve B)in a 
1:1 acetoneiwater mix (19)
The presence of the group retards the hydrolysis of alkoxysilanes but the hydrolysis rate 
is lowered the most by branched alkoxy groups. Table 2.1 shows the effects of alkyl 
chain length and degree o f branching. Figure 2.4 clearly demonstrates the retarding 
effect of the bulkier ethoxide group.
12
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R K
1 0  ^(1  m o lV lH ^ j *
C2H5 5.1
C4H9 1.9
C6H 12 0.83
(CH3)2CH(CH2)3CH(CH3)CH2 0.3
Table 2.1: Rate constant k for acid hydrolysis of tetraalkoxysilanes (ROl^Si at 20°C (19)
Kang et al. (26) reported an experiment carried out by *H-NMR, observing the 
-Si(OCH3 )3  peak and the methyl peak from methanol. The results from this experiment 
are seen in Figure 2.5 and it can be observed that under exactly the same conditions, the 
hydrolysis of APMS occurs faster than can be measured by this technique, and faster 
than the methoxy group. This was explained by the fact that the ethoxy group is less 
polar and more sterically hindered than the methoxy group.
2.2.5 NMR Studies
2.2.5.1 Elucidation of Reaction Mechanisms
Nishyama et al. (27) made use o f both ^^C-NMR and ^^Si-NMR to try and characterise 
the reactions in the solution. The utilisation of both techniques was designed to establish 
and justify the peaks in the ^^Si NMR, by comparison with those found and identified 
with the NMR. Peaks M l, M2, M3 and M4 in Figure 2.6 were identified as 
corresponding to the molecules consisting of a silicon atom with 0, 1, 2, 3 and 4 -OH 
groups respectively, as shown in Figure 2.7. D l, D2 and D3 are as assigned in Figure 
2 .8.
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Figure 2.6: ^%i and *^C-NMR spectra of y- 
MPTS in EtOH-Hî) (70:30 voI%)soIvent 
system as a function of the hydrolysis time. (251
OCH , OH
R Cl 1 , - S i ... (X 'H j M l. R -  C H .— S i— OH M 3
CK-H, O C H ,
OCHj OH
R — ClH ,— Si — OH M 2 R — C M ,— S i - O H M<
OCH, O H
w h f»  R is
CH ;-=^C— C — O — C H , - C H j  .
ilo
Figure 2.7: Assignments of Ml - M4 in Figure
2.6 (25)
R — C l l j - 'S i  — O — Si - -  D I R - a i j  - S i  — O  S i— W
OH Wit,0(%
R — C H f —S i— O —S i— 0 2  
i
OH
Figure 2.8: Assignments of D1-D3 in Figure 
2.6 (25)
Peaks in the ^^Si-NMR spectrum in Figure 2.6 were assigned by comparison with the 
*^C-NMR spectra. Extending the times leads to the appearance of other peaks which are 
then assigned to the production of polymeric species. See Table 2.2 for summary of 
peak assignment.
Assignment C
Ô (ppm) Ti (sec)
Si
ô(ppm) Ti (sec)
M l 5.6 1.12 41.8 41.8
M2 6.9 0.67 40.9 39.2
M3 8.3 0.45 40.5 24.3
M4 9.5 0.63 40.3 12.7
Dl 9.7 0.33 49.4 5.2
D2 8.5 0.26 49.7
D3 7.2 0.41 50.2
PI 9.9 51.T
58.8^ "
5.1
5.2
P2 10.0 68.3 4.2
Table 2.2; Assignment of^^Si and ‘^ C-NMR spectra of y-MPTS (for assignments of M l, and Dl 
etc. see Figures 2.7 and 2.8) T, = Relaxation time
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From this data, Nishiyama et al. described the mechanism of hydrolysis and 
condensation as follows:
The relative intensity of the starting material M l decreases rapidly, and inversely the 
intensities of the hydrolysed monomer species M2, M3 and M4 increased after one day. 
However, the amount of these hydrolysed monomer species decreased inversely after 
two days and that of the dimer Dl increased. After six days, the condensing polymer PI 
increased with a decrease in the presence of D l. Finally, the peak P2 increased with 
increasing PI. This is summarised in Figure 2.9.
O C H , OH OH
M l C H , - S j ~ O C H , 01 G H , - S i - 0 —Si—C H , P i J C H ,-S i—0 -
OCH , OH Ô
O C H , OH C H , -  Si
2 £ H ,- - S i - O H Z C H ,— S i - 0 —Si— C H ,
O C H , OCH , Ç H ,
p H O C H , 1 *—S i—
3 G H , - S i — OH 3 C H , - S i —0 —S i - C H , Ô
O C H , œ n . 2 C H , - S i - 0 -  
1 0
OH1 - S i -
* S H , - S i - O H C H ,I
OH
OCH 3 
R - C H 2 - S i - O C H 3
OCH 3
OH OH 
R —C H  2 —S i “ 0 —S  i  —CH 2 
OH OH
OH
R —C H  2, "“S  i  **0H 
OH
f ?
C H ,  C H ,
H O - S i - O - S i - O H  0 O
H O - S i - O - S i - O H  
C H ;  C » 2
R  R
The results of these experiments show 
that the general theories of reaction 
established in much of the literature, 
may be oversimplified, and the 
mechanism is not as clear-cut as 
described. These results show that there 
are still unhydrolysed species present in 
the solution, even as partially 
hydrolysed molecules are condensing to 
dimers.
Figure 2.9: The hydrolysis and condensation 
mechanisms of y-MPTS in EtOH-HaO (70:30 
voi%) solvent system (25)
In the study made by Peace and Mayhan 
(28), which was designed as the 
methodology for studies o f complicated 
silane molecules, the silicon; hydroxy 
ratio was used to indicate the extent of 
hydrolysis. An empirical formula was 
produced from the NMR spectra, by comparing the area under the hydroxyl proton peak 
with that under the alkyl peak. They present several structures that were produced by 
the use o f different temperatures and alcoholic solvents. They conclude that this method 
could be used to probe the structures o f silanes effectively.
Monitoring the production o f methanol is a common way o f assessing the extent of a
15
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reaction in NMR spectroscopy. Blum et al., (29) in a study o f the hydrolysis of 
aminopropyltrimethoxysilane, used NMR spectra to determine the rate of reaction. The 
spectrum (Figure 2.10) shows a decay of the methoxysilane resonance and a build up of 
the methanol resonance, in the presence of a catalyst. This data was expressed in terms 
of the rate o f reaction, as the production of the methanol species should correspond to 
the production of the silanol species:
Rate o f production o f methanol = d[MeOH]/dt a  k’[W][C][A] a  k[A]
V
15 20
t(m ln)
Figure 2.10: A series of partial proton NMR 
spectra for the hydrolysis of 4.8% 
aminopropyltrimethoxysilane (APS ! ) in 5:1 
acetone-water as a function of time (A) 
methoxysilane resonance (3.56ppm); (B)
methanol resistance (3.35ppm) (29)
Where W is the water, C is the catalyst, 
and A is the coupling agent. If the water 
and the catalyst concentrations are kept 
constant, then the rate is proportional to 
the concentration of coupling agents 
only.
The large number of simultaneous 
hydrolysis and condensation reactions 
that aie taking place make the above 
equation an oversimplification, but it 
does allow comparison between 
different systems.
Non-amino functional silanes did not show an observable increase in methanol
resonance after about 5-6 hours if  no catalyst was added. They also noted that there is
some evidence that the aminosilane experiences self-catalysis and does not require pH 
control.
OH
CHsSh-
OH
OH
■ SiCHs 
OH
Figure 2.11: Molecular structure of peak 
detected by proton NMR during an indirect 
study that was made by observing the proton 
response in the methyl group on silicon.
Plueddemann (17) used the observation 
o f the changes of the methyl peak in H- 
NMR. This was done as an indirect 
study of the aqueous solution of 
CH3Si(OCH3)3. As CH3Si(OCH3)3 
dissolved in water, the proton peak on
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the methyl group shifted rapidly to a new position, which was characteristic of 
CH3 Si(OH)3 . Under conditions of optimum silanol stability, a very slow loss of 
CH3 Si(OH)3  with formation of siloxane structures was indicated by a decrease in 
CH3 Si(OH)3  peak and an increase in that of a new peak coiTesponding to that which can 
be seen in Figure 2.11. This in turn gradually broadens as more complex silanols are 
formed.
2.2.S.2 Effects of Concentration of Water
It is generally understood that the amount of water present in the solution will have a 
large effect on the rate of hydrolysis, i.e. the more water present the faster the reaction. 
This was explained by Plueddemann (17), by the suggestion that hydrolysis requires 
molecular contact o f water with the alkoxysilane which means that the more water 
molecules there are present in the solution, the more likely an alkoxysilane molecule is 
to come into contact with one and therefore hydrolyse. Most organosilanes are not 
soluble in water until the alkoxy groups have undergone hydrolysis.
-80 -100 
PPM
-120
Figure 2,12: -NMR spectrum for TEOS
ethanol and H^O mixture in the molar ratio 1 - 
4-0.3, after 20 hours at room temperature (pH 
= 3) (IS)
The effect of different concentrations 
was illustrated experimentally by 
Pouxviel et al. (15). They made use o f a 
simple molecule, tetraethylorthosilicate 
(TEOS, or Si(0 C2Hs)4) under three 
different concentration conditions: low 
water concentration, one sixth of 
stoichiometric; medium water 
concentration, stoichiometric quantities 
o f water; and high concentrations of 
water, several times stoichiometric 
quantities.
Figure 2.12 shows ^^SiNMR spectra after twenty hours at room temperature for the
17
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solution with low water concentration. Peaks observed correspond to one silanol, 
Si(OEt)]OH, the starting monomer Si(OEt) 4  and the disilicic ester (EtO)]Si-0 -Si(0 Et)3 . 
From this information, the reaction with limited water content was summarised as 
follows:
Hydrolysis:
Si(OEt) 4  + H2O -> Si(0Et)30H + EtOH
Condensation:
Si(0Et)30H + Si(0Et)4 -> (OEt)3Si-0-Si-(OEt)] + EtOH
-80 -1 0 0 120
PPM
Figure 2.13: ^^Si-NMR spectra for TEOS and 
HjO (pH -  2.5) mixture in the molar ratio 1-4 
with volume fraction of ethanol of 44%: a) 
after 40 minutes; b) after 4hrs; c) after IShrs 
(15)
Semi-quantitive analysis of the peaks 
show that all the water added initially 
has reacted. The spectrum obtained for 
stoichiometric quantities o f water can be 
seen in Figure 2.13. After forty minutes, 
the peak corresponding to the 
unhydrolysed species was still present (- 
82ppm) and the peaks can also be 
identified which correspond to the four 
possible hydrolysis products: 
Si(0 Et)3 0 H, Si(OEt)2(OH) 2  etc. The 
peaks corresponding to condensed 
species appear progressively after four 
and fifteen hours.
The reaction mechanism can then be established as firstly the depletion of silanols with 
an increase in the presence o f dimers. Reactions between monomer and dimer lead to 
the formation of a trimer and subsequently to a highly branched polymeric species in a 
three-dimensional condensation process.
The reaction for excess amounts of water was ascertained to be the same as for the 
stoichiometric amounts, but the reaction kinetics were much faster, as would be
18
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expected, if the observation by Plueddemann mentioned earlier is correct, i.e. the more 
water molecules the more likely an alkoxysilane molecule is to come into contact with 
one, and therefore hydrolyse.
i
90» E t h a n o l
30» E th a n o l
70» E t h a n o l
* ’C-NMR
&
6 0% E t h a n o l
5^0 -60
L
Figure 2.14; ^^Si-NMR and ^^C-NMR spectra 
of y-MPTS as a function of water content in 
EtOH-Water solvent system. Hydrolysis time: 
2 days (27)
The effect of water concentration is 
summarised in Figure 2.14 using data 
from Nishiyama et al. (27), who also 
found that an increase in the water 
concentration increases the rate of 
reaction considerably. After two days it 
can be seen that in the solution 
containing a higher proportion of water, 
the condensation reaction was more 
advanced. (For peak assignments, see 
Table 2.2). Blum et al. (29) found that 
in all cases the reaction rates increase 
with amount of water present.
2.2,5.3 Effect of Choice of Solvent
Because water and alkoxysilanes are immiscible, a mutual solvent, such as an alcohol is 
normally used as a homogenising agent. However, alkoxysilanes can be prepared
without the use o f a solvent as the
ML
CSaCHAH
•Sl*OCW»C3i»
Figure 2.15: A typical proton NMR spectrum 
of MTMS system with ethanol as solvent: r = 
1, pH of ethanol = 1, and reaction time = 3hrs 
(30)
alcohol produced as a by-product of 
hydrolysis is sufficient to homogenise 
the initially phase separated system. 
The addition of alcohol, however, is 
not simply to fimction as a solvent. It 
also takes part in the estérification or 
alcoholysis reactions (19), (See section
2.2.3 for reactions)
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As has already been stated, there are many factors which influence the reaction of 
silanes, and one such factor is the solvent used to dissolve the silane prior to application. 
In particular, the selection of ethanol as the solvent for a methoxysilane, resulted in 
solvent exchange adding to the peaks in the spectrum complicating interpretation of the 
results (30) (Figure 2.15).
However, in some cases, the choice of solvent is dictated by the method of analysis, i.e. 
that ethanol solution is used to monitor the production of methanol as the solvent. 
Nishiyama used the observation of the methyl peak of methanol to indicate the 
hydrolysis of the methoxy group on the silane, and used ethanol as a solvent, so this 
peak would not be observed from the start (27).
2.2.5 4 Other Condensation Studies
Dimer
f AFrenfivEMINUTES
Monomer
•V"m JLJLAFTER RFTEEN MINUTES
JL Trimer Tetramer
AFTEn NINETY MINUTES
It has been observed by Arkles (14) with 
the use of HPLC, that the formation of 
dimeric species proceeds much faster 
than that of trimeric species, see Figm*e 
2.16. Arkles also noted that the 
appearance of haze, which was by the 
time the tetramer was observed, was 
coincident with the first opportunity o f 
branching or cyclic formation. More 
rapid polymerisation is possible due to 
the fact that silanediol chain ends are prefened for polymer growth. In terms of 
preparing solutions, it is clear that the maximum degree of polymerisation for 
alkyltrialkoxysilanes should be limited to three.
CLOUD POINT
Figure 2.16: HPLC spectra of the hydrolysis 
of trimethoxysilane (14)
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2.2.6 Aminosilanes
Aminosilanes are generally considered to be a “special” group within organosilanes. 
The hydrolysis and condensation reactions aie autocatalytic and will occur over a wide 
pH range because of rapid hydrolysis. Solubility o f these silanes is instantaneous (31).
The main reason for the difference o f aminosilanes to many other silanes is its 
molecular structure. Aminopropyltriethoxysilane (APES), for example, contains a 
primaiy amine group which solvates easily by hydrogen bonding with water molecules. 
Commercial amino-organofunctional silanes have the amine function on the third 
carbon relative to the silicon. It has been proposed that the unique solubility of these 
materials was due to internal cyclisation between nitrogen and silicon. Diaminosilanes 
are reported to behave in the same way, but the kinetics of the hydrolysis are even faster 
than for aminosilanes (18).
Neutral organofunctional silanes, as opposed to cationic organofunctional silanes, 
(aminosilane is an example o f the latter) are hydrolysed in aqueous solutions at pH = 4 
to obtain silanetriols with moderate stability in water. Except for veiy dilute solutions, 
these silanetriols condense to siloxane that gels or precipitates oily oligomers within a 
few hours. When aminoftinctional silanes are hydrolysed in excess acetic acid at pH == 
4, silanetriols are again formed, and solutions up to 50%v/v concentration will remain 
stable indefinitely. This is due to the strong hydrophilic nature of the organofunctional 
group (46).
The stability of aqueous solutions o f aminosilane is surprising because amines cause 
immediate precipitation o f alkylsilanols as insoluble siloxanes. This fact leads to the 
suggestion of an internal chelate structure is forming in these solutions, and it is also 
suggested that a non-ring extended structure also exists in the solution. Evaporation o f a 
3-amino functional adhesion promoter leaves a brittle powdery deposit which readily re­
dissolves in water. This indicates that the chelate structure is lost when the ionising 
solvent evaporates, but reforms in water. Aqueous solutions do not contain free Si-OH 
groups but exist as relatively low molecular weight siloxanes with stabilised silanoate 
ions (32, 33).
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The chemical structure of the silane in 
solution has been studied to some extent. 
It seems from proton NMR examination 
of the aqueous solutions of diamino- 
propyltrimethoxysilane (DAPMS), that 
the alkoxy groups are hydrolysed almost 
immediately in water at alkaline pH. 
There is evidence to suggest that no 
monomeric silanol existed in solution.
Chiang et al. proposed three possible 
structures, of which, according to 
Plueddemann, (17) only one is consistent 
with the chemistry of aminopropylsilanes 
(Figure 2.17).
Figure 2.17: Possible conformation of
aminopropylsilane trio! with total 
conformational energy of -26.3 kcal/mol (17)
O  CH.
.Si
-CH2
^ H 2
+NH
R2
Figure 2.18: Possible 6 -membered chelate ring 
structure (34)
Although five-member saturated chelate 
rings are the most stable, such a structure would not explain the solution stability of the 
hydrolysed species, unless silanols on the pentacoordinate silicone do not condense 
completely to siloxane structures. A six-member ring (Figure 2.18), however, is more 
consistent with the properties o f the solution (34).
Bonding of a silanol hydrogen explains the relative stability o f the cross-linking of a 
trifunctional aminopropylsilane in relatively concentrated aqueous solutions. Bonding 
of an amine hydrogen explains the lack o f activity o f an aminosilane, e.g. with epoxies 
in alcoholic solvents.
Most neutral silanes are believed to contain almost no oligomers in water at 
concentrations below 1 % by weight, however, aminosilanes are generally oligomers 
even at very dilute concentrations (31).
Johansonn et al. (35) reported the adsorption of ‘^ C-labelled APES on E-Glass fibres 
from aqueous solutions of various concentrations and found a change at 0.15wt% silane.
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The amount of silane adsorbed was found to increase quickly up to this point and then 
slowly afterwards. This concentration has been attributed to a change in the molecular 
structure of y-APS. A transition point such as this has been attributed to micelle 
formation. Micelle formation of silanetriol immediately leads to oligomer foimation 
because o f the self-catalytic nature of APS. Hence the transition will be an isolated 
silanetriol-silane oligomer transition for APS. 0.15 w/w% aminosilane has also been 
reported by Ishida (24) to be an important concentration, at which the solution contains 
mainly monomers. Ishida quoted the formation of micelles as occurring if the 
aminosilane is neutralised prior to hydrolysis.
Ishida et al. attempted to elucidate the structure of APS in partially cured solids as well 
as in aqueous solution. Raman spectroscopy was used to study the presence of 
silanetriols as this type of spectroscopy can detect organosilanetriols uniquely. A very 
weak line in the appropriate position can be seen for concentrations o f 1 0  w/w% 
aqueous solution. Reducing the concentration to 0.5 w/w% shows an increase in the 
intensity of the silanetriol line, which was due to the ethanol produced by the hydrolysis 
reaction. This information was used as evidence for the existence of hydrolysed 
monomer in water. The conclusions from this piece of work are that APS in 
concentrations below 1 wt% contains very large amounts of silanetriols. Below 0.25 
w/w% and the APS is present mostly in the monomeric form.
2.2.6.1 NMR study of Aminosilane in Methanol
Very few studies have been made as specific as that by Rousseau et al. (36), which 
investigates the behaviour of y-aminopropyltrimethoxysilane (AP5 ), and of 
((trimethoxysilyl)propyl)diethylenetriamine, using ^^Si-NMR spectroscopy. The 
conditions used for the experiments are those taken for the synthesis, i.e. high 
concentration o f monomer with a low concentration of water with methanol as the 
solvent. Figures 2.19 and 2.20 show the results o f the analysis.
The spectra in the case o f APMS, were collected over a time period of 12 minutes.
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During this time, the peak for the monomer is seen to decrease with time (peak a), and 
the peak for a Si atom with one bridging oxygen atom is seen to increase (peak c). Peak 
b was explained by the acidic character of the silanols which are interacting with the 
amines on the alkylamine chains.
The spectra of the ((trimethoxysilyl)propyl)diethylenetriamine shows essentially the 
same behaviour, although it is on a different time scale (Figure 2.20). The spectrum 
equivalent to the eight minute APMS spectrum occurs at seventeen minutes. Also, a 
peak h is observed, which was assigned to be the silicon atom with two hydroxides.
No peaks in the spectrum are assigned to a silicon with three hydroxide groups, which 
indicates that the condensation begins to occur before the hydrolysis reaction can 
proceed to completion.
5  -1 0  -1 5  - 2 0  -2 5  -3 00
'12'
ppm
Figure 2.19: Series of ^^Si-NMR spectra as a function of time for aminopropyl- 
trimethoxysilane (36)
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Figure 2.20: Series of ^®Si-NMR spectra as a function of time for
((trimethoxysilyl)propyl)diethylenetriamine(36)
2.2.7 Theories of Adhesion Promotion
Both the silanol/substrate interface and the organofunctional group/matrix interface are 
equally as important when it comes to understanding how coupling agents work. 
Several theories have been proposed over the years and these are summarised below 
(37,38,39).
2.2.7.1 Chemical bonding theory
The chemical bonding theory is the most appealing of all the theories o f adhesion and is 
widely accepted as the means of interaction of the silane adhesion promoters with glass 
and steel substrates. The mechanism of such an interaction involves the hydrolysed ti’i- 
silanol groups of the adhesion promoter in solution reacting with the silanol groups on 
the surface of the glass substrate (or the hydroxyl groups in the case of a steel substrate)
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to form ether linkages. The hydrolysed silanes can also self condense to form 
polysiloxanes, which is preferred at the surface rather than in solution. The functional 
group of the adhesion promoter can then react with the appropriate group in the resin.
2.2.7.2 Wettability
Good wetting o f an adhesive system would minimise interfacial voids, tending to 
improve joint strength. Organosilanes are thought to modify high-energy substrates, 
which are prone to adsorption of contamination, by displacing the contamination and 
covering the substrates with a uniform layer of absorbed organosilanes.
However, adsorbed organosilanes have low surface energies, and those organosilanes 
that are effective as adhesion promoters generally also have low surface energies. Most 
studies have found there to be no correlation between the wettability and the bond 
strength. For example, despite an aminopropylsilane treated glass surface being very 
poorly wetted by an epoxy resin, the bond life in water is likely to be more than 2 0 0  
times that without treatment. These observations imply that it is very unlikely that 
wettability is a factor involved in the mechanism o f improved adhesion associated with 
silane adhesion promoters,
2.2.7.3 Dynamic equilibrium theory
Silanes are required to chemically bond to the hydrophilic surface, but this covalent 
bonding alone is not sufficient to ensure the resistance to water degradation, which is 
observed in such systems. The chemical bonds between the silanol group o f the 
organosilane layer and the hydrophilic surface may be either a hybrid ionic-covalent 
oxane bond, or hydrogen bond. In either case, the interfacial bonds may be constantly 
broken and reformed by reversible hydrolysis, if  the resin is rigid. In a rigid system, 
reactive positions are held in such close proximity that free silanols resulting fiom the 
hydrolysis o f an interfacial bond are trapped and eventually re-form the original bond, 
or make a new bond with an adjacent group. Whilst the interface is rigid, bond making
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and breaking is reversible in the presence of water. This dynamic equilibrium maintains 
interfacial chemical bonding, supplies a ductile layer and allows stress relaxation in the 
presence o f water.
The suggestion is therefore, that silane adhesion promoters will only improve adhesion 
of systems which include a rigid resin, not a flexible resin. The validity of this argument 
has yet to be proven. It probably stems from a consideration of equilibrium adsorption 
conditions where rate of adsorption is equal to the rate of desorption.
2.2.7.4 Deformable layer theory
The deformable layer theory was based on the observation that the fatigue life o f 
fibreglass laminates is greatly improved by applying a surface layer o f organosilane on 
to the fibreglass. It was suggested that the surface layers are deformable and ductile and 
therefore have the effect of relieving the internal stresses. However, a typical thin layer 
of silane on the fibreglass is unlikely to have this effect. This approach is used in metal 
matrix composites and the coating is known as a "compliant" layer.
2.2.7,5 Restrained layer theory
It has been suggested that the coupling agent develops a highly cross-linked interphase 
region, or interpenetrating network (IPN), with a modulus intermediate between that o f 
the substrate and of the resin. This contradicts the deformable layer theory, as there 
would be no ductile boundary region.
2,2.7.6 Coefficient of friction theory
This theory suggested that bonding of the silane to the glass resin interface is not 
important, but that frictional resistance to relative motion between the resin and the
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reinforcement controls the mechanical properties o f the composite or adhesive joint.
2.2.8 Interaction of Silanes with Polymers
Despite the lack of literature that makes specific reference to the interaction of silanes 
with polymers, they are used routinely in industry to enhance the bond strength of the 
adhesive or sealant with the polymeric substrates. The improved properties cannot 
necessarily be attributed to the formation of the siloxane bonds, as polymer surfaces are 
very often unreactive and do not show hydroxyl groups on the surface in the same way 
that Si0 2  does, for example. The increased wetting mechanism described in section
22,1.2 may be more relevant to polymeric substrates than to metallic substrates as the 
surface energy of a layer o f silane is likely to be higher than the untreated polymer 
surface. However, a bonding mechanism between this layer and the polymer must still 
exist, or the silane would simply act as a weak boundary layer.
Acid-base effects are thought to be very important for the investigation into 
interpolymer adhesion. For glass fibres, Wesson et al. (40), suggested the possibility 
that silanes modify the acid-base characteristics of glass enhancing the secondary 
glass/matrix attractive forces, without necessarily promoting direct reaction o f silane 
with the resin. By using the chemisorptive properties of sand as an analogy. Wesson et 
al. found that aminopropylsilane and methylsilane impart an acidic chemisorptive 
property, which they attributed to the silicon portion of the coupling agent. They found 
no enhanced basicity attributable to the amine group on aminopropylsilane treated glass. 
It is possible to extend this idea to polymer substrates (41).
Plueddemann (17, 42, 43) is one of the few authors to have touched on the subject, 
although not in any great depth. He proposed that a primer that bonds two different 
polymers to glass will bond the two polymers to each other. One o f the polymers must 
be in a flowable state as a liquid polymer, a polymer melt, or a polymer solution to 
make contact across the primed interface. The primer then acts as a zipper by diffusing 
into the two polymers to form an interpenetrating network and possible chemical
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reaction, although interdiffusion depends largely upon the solubility parameters of the 
silane and the polymer. The major function of the silane in a silane-modified polymer 
primer is often to provide controlled cross-linldng through the hydrolysis of 
alkoxysilanes and condensation to polysiloxanes. The organofunctional group in silicon 
contributes controlled compatibility and may provide additional cross-linking through 
chemical reactions with the polymers of the primers and/or the matrix resin. None of 
this speculation has yet been backed up with analytical evidence.
Li et al. (44) suggested that chemical reaction occurs by means of aminolysis with the 
carbonate groups in the case of polycarbonate, and chemically reacts similarly with the 
surface of PMMA. The proposed mechanism is that the outermost polymer layer is 
slightly penetrated by y-APS when treated with such a solution. Then, in this layer, the 
amine groups from y-APS react with the carbonate groups (in the case of polycarbonate) 
in the polymer substrate. During the reaction, polycarbonate chains undergo selective 
chain scission at the carbonate linkages, and triethoxysilyl groups become chemically 
bonded to the substrate through urethane linkages. In the case of PMMA, it is suggested 
that the silane interacts with the ester groups, and becomes linked to the substrate via 
amide groups. Although the idea that the silanes are absorbed into the polymer is 
reasonable, it seems unlikely that the y-APS would react with the unreactive polymer 
molecules at the surface, and there is no driving force suggested in this paper for chain 
scission to occur. The evidence for such a reaction, in terms of surface analysis, was 
based upon the N Is high resolution spectrum, where two components of the peak were 
observed. These two peak components, although looking very similar in shape to those 
described in other studies (2 .2 .1 2 ), are ascribed slightly different binding energies, 
although the energy shift is approximately the same, suggesting that the peaks may be 
subject to charging. None of the other high resolution spectia or survey spectra are 
presented in this paper.
2.2.9 Application of Organosilane Coupling Agents from Solution
There are many uses of silane coupling agents in industry, and therefore there are many
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methods of application. The following are procedures outlined in the product literature 
produced by United Chemical Technologies (20), and similar can also be found in the 
literature, for example Plueddemann (45).
The most straight forward method of application is from aqueous alcohol. A mixture of 
water and methanol are produced for example, in the ratio 19:1. Depending upon the 
silane being used, the pH of the solution may be adjusted. (For a pH of 4.5-5.5 acetic 
acid is used). The percentage of silane typically used is 2%. The solution is allowed to 
stand for 5 minutes to allow for hydrolysis.
From this solution, the silane can be applied by dipping, spraying, or painting. Any 
excess silane can be removed by subsequent dipping in alcohol. The silane layer is then 
left in air for 24 hours.
The application o f the silane to a substrate in industry is largely on a trial and error 
basis, and not so much to do with the underlying chemistry. An exception to this was 
the study carried out by Digby et al. (46) as a part of an international collaborative study 
of glycidoxypropyltrimethoxysilane (GPS) on aluminium substrates. This extensive 
investigation found that the optimum method of application of this silane was 1% GPS 
deposited from a pH adjusted aqueous solution, which is stirred for one hour, and then 
brushed onto the aluminium substrate. The aluminium and applied GPS should then be 
cured at 93 °C for 60 minutes. Lund et al. (47) investigated the difference in adhesive 
properties if  the silane concentration in solution was changed. Typically in industry,
0.1 wt% silane in solution is used. Lund et al. found that 0.01wt% would demonstrate 
the same adhesive properties, although adhesion decreases greatly below this 
concentration.
2.2.10 Silanes in Sealants
Often silane coupling agents are included in the formulation of a coating or sealant. If 
this is the case, then for the organosilane to interact with the substrate surface it must be 
able to migrate to the interface. There must be a  driving force for the silane to
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accumulate at the interface. Ideally, the silane need only be present at the interface, but 
in practice, the silane is distributed throughout the sealant or coating (Figure 2.21).
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Figure 2.21; Schematic diagram o f ’’ideal" and ’’real ” distribution 
of silanes in an adhesive overlayer
Soluble additives to thermosetting resins or vulcanising elastomers become less soluble 
Mdth increased cross-linking. The additive must have some chemical reactivity with the 
cure mechanism in order to provide a bond across the interphase region. Additives to 
latex systems may be very effective as adhesion promoters if the additive remains in the 
water phase or does not migrate into the latex particles (45).
Surface analysis of failure regions show the concentration of silicon is not consistent 
with the silicon rich interphase idea, and in practice, the presence o f Si at the interface 
should be correlated with its presence elsewhere in the polymer.
2.2.11 ToF-SIMS Analysis of Silanes and the Interphase Region
Figure 2.22 and Table 2.3 show that there are distinct differences between the SIMS 
analysis o f yAPS and AEPS. The general conclusion drawn from this observation was 
that SIMS used in this way can be used to distinguish between thin films of these 
silanes. Such a molecular identification of silanes on the basis o f a fingerprint spectrum 
is not available by other techniques, although other techniques will yield different 
infomiation, e.g. film thickness (13).
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Figure 2.22: Positive ToF-SIMS spectra of APS and DAPES deposited onto cold rolled steel 
coupons by dipping into aqueous solutions of pH 10.0
Mass Composition -APS n n P E s '
+17 NH3 + 0.27 0.73
+18 N H / 0.87 3.56
+27 C2H3+ 5.37 4.25
+28 SiVCHzN^ 17.88/4.64 8.01/7.01
+30 CH4N+ 13.96 16.13
+39 C3 H3+ 2.74 1.48
+41 C3 H / 4.91 3.91
+42 C2 H4N+ 2.47 4.56
+44 2.71 11.78
+55 Q H / 1.74 1.28
- 1 H‘ 17.06 25.62
-13 CH' 11.81 11.49
-16 O' 26.56 20,33
-17 OH" 18.46 15.84
-26 ON' 5.04 7.21
-60 SiOz' 0.39 0.29
-61 HSiOa' 0 . 2 1 0.24
' Table 2.3: Positive and negative ions from films of APS and DAPES deposited onto cold rolled '
I steel by dipping (pH 10) (Relative peak intensities) (13)
Van Ooij and Sabata (48) found that the addition of Na^ ions to the hydrolysing solution 
had the effect of producing many high mass peaks which had not previously been 
formed by cationisation o f neutral silane molecules by Na^ ions. Through this effect it is 
possible to observe the formation o f silane oligomers.
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If the sample is conducting, and is not 
subject to severe surface damage by the 
primary ion beam, it is possible to 
perform depth profiling on the deposited 
film of silane. This was presented by 
Davis et al. (49). The initial positive 
spectra for a deposited film of GPS on a 
hydrated steel surface can be seen in 
Figure 2.23. The depth profiles showed 
that orientation of the silane deposit is 
far from simple, with both the silicon 
and epoxy end being detected initially 
on etching. This shows that the 
molecules are not highly oriented. A 
schematic diagram of the deposited 
silane structure predicted from the SIMS 
data can be seen in Figure 2.24.
A study comparing different primers on 
iron substrates revealed differences 
between the interaction o f GPS and 
APES. Static SIMS analysis of the 
former found the presence of negative
110 130 IXC TSO K » 17C 16C £00
M ass/charge
Figure 2.23: Positive SIMS spectra form the 
silane film on iron (m/z = 0 -2 0 0 ), deposited by 
2 min in 2% by volume solution of GPS in 
methanol (49).
t/ 'A Situnc layer
Hydrated iruji oxide suri'aec
Figure 2.24: Schematic of the deposited silane 
structure predicted from SIMS (49).
ion assigned to Si0 2 H”, and Si0 2 * radicals on the surface, which were not found in the 
analysis of the latter. It was suggested that these fragments arise from a polysiloxane 
layer, and only the GPS had polymerised on the surface. This seems unlikely, as all the 
evidence in the studies o f hydrolysis and condensation have shown that the APES 
hydrolyses and condenses more quickly than GPS, even in aqueous solutions.
However, a useful observation from this study is the observation of a ifragment ion 
which was assigned to FeSiO^. This was offered as strong direct evidence for the 
forming o f a chemical bond -Fe-O-SW between the metal oxide and the organosilane. 
This fragment was not detected in the analysis of APES, but this silane also showed
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poor joint durability, which supports the suggestion that no primary chemical bonds are 
formed for this system (17).
2.2.12 XPS Analysis of Aminosilane Films
I2U0 800 400 0
XPS has been utilised and widely 
documented in the literature for the 
study of the interaction of the silane 
molecules, mainly with glass or steel 
surfaces (50-53) XPS is a very important 
tool for direct analysis of the interphase 
region. The A1 K a induced XPS spectra 
of a thin film of aminosilane, produced 
from a 1% solution on a glass substrate, can be seen in Figure 2.25. The sample was 
introduced into the vacuum quickly enough to avoid chemical degradation of the film.
UiiulittK Enm gy (eV)
Figure 2.25: Survey spectrum of y-APS layer 
(30 nm) after introduction into the vacuum 
chamber of the spectrometer (51)
In a study carried out by Lianos et al. (54), it was shown that the chemisorbed 
molecules are not oriented in any particular way. This was shown by comparing the 
ratio of the two components: peak at 400.1 eV corresponding to the amine group; and 
one at 402.1 eV. which represented the protonated amine group NH3'*'. The ratio of these 
two compounds remains the same no matter which talce-off angle is employed thus 
showing that there is random orientation.
*NR”  I' Hwy  
j s a r o p l e  1/ 0 Is
substrate
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Figure 2.26: O Is spectrum of rinsed and 
unrinsed samples of y-GPS, as well as the 
uncoated substrate (54).
In the same study, Lianos et al., used 
rinsed and unrinsed samples, with the 
puipose of distinguishing between the 
two. The result o f XPS analysis on the 
two samples, plus an untreated sample 
showed the results for the O ls shown in 
Figure 2.26. It was concluded that the 
component at binding energy 531.9 eV
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originated from oxygen in the film, whereas the 530.2 eV peak comes from the 
substrate, and it therefore follows that the rinsed sample should be a combination o f the 
two as the film of silane is much thinner than that of the unrinsed sample, and so the 
signal will be obtained from both the film and the substrate.
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Figure 2.27: N Is high resolution spectra of 
polished 1100 aluminium coated with y-APS 
from a 1% aqueous solution at pH 10.4. The 
take-off angles were (A) 15® and (B) 75® (55)
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Figure 2.28: N Is high resolution spectra of 
polished 1100 aluminium coated with y-APS 
from a 1% aqueous solution at pH 10.4 and 
rinsed with distilled water. The take-off 
angles were tA) 15° and fBl 75® 155)
Angle resolved high resolution spectra o f the N Is peak of aminosilane on an 
aluminium substrate have also been presented by Homer et al. (Figure 2.27) (55). At a 
take-off angle of 75° the N Is peak was found to consist of two components, at 399.4 
eV and 401.3 eV, which were identified as free and protonated amino groups 
respectively. Reducing the take-off angle to 15° saw only a slight change in the relative 
intensities of these two groups. This analysis was carried out on unrinsed layers of 
silane and agrees with the observations by Lianos et al.
If the samples were rinsed with distilled water, the component at the higher binding 
energy was seen to increase considerably, especially when the take-off angle was 75° 
(Figure 2.28). The conclusions drawn from these results were that the extent of amine 
protonation was greater near the surface o f the metal. The presence of the protonated 
amine on an aluminium substrate was also observed by Abel et al., (56) only when the
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sample had been washed with water or methanol after application of the APS.
The reasons for the presence of protonated amine groups were suggested as being 
intramolecular hydrogen bonding between the amino and silanol groups. More 
opportunities for this may be available at the interface than in the bulk. It is also 
suggested as being more likely that the amine protonation was caused by the interaction 
of the amine groups with the hydroxyl groups present at the surface. The extent of 
protonation at the surface was related to the acidity of the surface by comparison of 
several different substrates.
Evidence for the protonation o f the amine group has also been presented by 
Kowalczyck et al. (57). The positions of the two components of the N Is peak are 
reported slightly differently, with the free amine group at 400.1 eV, and the protonated 
amine group at 402.1 eV, which concurs with the values reported by Lianos et al. The 
relative intensity of the protonated nitrogen component also decreases with increasing 
surface sensitivity, indicating that the interface is richer in protonated groups than the 
free surface, confirming the findings by Horner et al. The results suggest that the 
orientation of the aminosilane molecule is perpendicular to the surface with the amine 
end of the molecule becoming protonated as it interacts with the hydroxyl groups on the 
surface of the substrate.
2.2.13 Summary
The published literature on the hydrolysis and condensation reactions of organosilanes 
does not serve to clarify the exact nature of the reactions occurring. Each set o f 
conditions yields its own set o f results, which makes the reactions very difficult to 
understand explicitly. It is clear that many factors will affect the kinetics, and indeed the 
thermodynamics o f the reaction. These include the choice o f solvent, the concentration 
of water, the concentration o f organosilane and the pH of the solution. As well as those 
factors which affect the solution chemistry, there are factors such as the method of 
application to the surface, or the washing procedure employed, which will result in a
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different adsorbed layer of organosilane. To further complicate the issue, each type of 
organosilane has a different set of optimum conditions for application to different 
substrates.
In a very general sense, the basic reactions which are described in sections 2.2 and 2.3 
for hydrolysis and condensation, have been found to be correct by the use o f NMR 
spectroscopy. However, to suppose that these two reactions are independent of each 
other would be an oversimplification. NMR spectroscopy has shown that the hydrolysis 
and condensation reactions are occurring simultaneously. It has been shown that it is 
possible to enhance either o f these two reactions by means of controlling the pH of 
solution, which will promote one or other of the simultaneous reactions. In terms of the 
established reaction of organosilanes on iron substrates, i.e. reaction of the silanol group 
with hydroxyl groups on the surface, it is much better that the condensation reaction is 
retarded, and the hydrolysis reaction is promoted.
The investigations of the interaction of organosilanes on various substrates has been 
dictated by the history of their use. Initially they were used as primers in glass fibre 
composites, which means that the interaction with glass was the first to be established. 
Subsequently, organosilanes found a use as adhesion promoters with iron as the 
substrate. More recent studies, some o f which have been carried out at the University of 
Surrey, have extended this knowledge to the investigation of organosilanes with 
aluminium substrates. In all these cases, the deposited layer of organosilane has been 
found to be disordered, despite the evidence of the chemical covalent bonds with the 
substrate.
Majority of the literature which deals with how the silane molecule bonds with the 
polymer are in respect to the polymer being the mobile organic phase, which is being 
bonded to the inorganic substrate or fibre surface. The literature available on the 
enhanced adhesion o f two polymers by using a coupling agent is virtually non-existent 
and yet this utility of silanes has been proven by the results of mechanical testing to 
enhance the bond strength and is used routinely in sealant foimulations. Thus the role of 
the silane adhesion promoters in enhancing polymer-to-polymer adhesion is a 
productive area for future study, and one which will be explored within this thesis.
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2.3 PLASMA TREATMENTS OF POLYMER FILMS
2.3.1 Plasma treatments
Plasma treatments can be divided into three main categories: flame treatment, corona 
discharge treatment, and low pressure plasma treatment. All three treatments involve 
generating high energy species, e.g. radicals, ions, and molecules in excited electronic 
states. The major virtues of these techniques is that they involve clean reactions which 
take only seconds to achieve the required results, and they are therefore ideally suited to 
fast production lines. Whilst producing profound changes in the surface chemistry, the 
properties of the bulk material remain essentially unchanged.
Flame treatments are widely applied in surface modification to introduce oxygen 
containing functionalities to the surface, mainly to improve printability. The apparatus 
is very straightforward, consisting of one or more flames which are held at a fixed 
distance from the sample and scanned over it at a controlled speed. Treatment variables 
include flame composition, temperature, distance from the sample and scan speed. The 
latter are particularly critical as they control the amount of surface damage, which might 
result in the loss of adhesion, due to weak boundary layer effects. There is not a wealth 
o f literature on the effects o f flame treatments, largely due to the treatment not usually 
being available to university research groups, and being protected by commercial 
confidentiality (58).
Corona treatments exploit the formation of high energy electromagnetic fields close to 
charged electrodes, with the consequence o f ionisation in their proximity, even at 
atmospheric pressure and temperature. The excited species in the ionised region are 
active in the introduction of oxygen containing functionalities. Again the apparatus are 
straightforward, involving an electromagnetic field generator, thin wires or points, and 
the facility to scan the surface at a fixed distance. Treatment parameters include voltage, 
frequency, and sample/electrode geometry. As for flame treatments the wide use of 
corona discharge treatment in industry has limited the published literature. However, 
during the large amount of time that this treatment has been used, a reasonable amount 
of literature on the corona discharge treatment o f polyolefin films, e.g poly(ethylene),
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and poly(propylene), has been published, much of which is reviewed in the following 
section.
The third type of plasma treatment is low-pressure glow discharge treatment. The 
technique is very similar to that o f corona treatment, except that the gas producing the 
plasma can be controlled. This means that there is a requirement for more complicated 
equipment, which includes a vacuum chamber and gas feed, to maintain the pressure 
and composition o f the gas. The requirement for a vacuum chamber limits the use of 
this treatment on high-speed production lines, and consequently, it does not find as 
much use in industry as corona treatment. There is little incentive for industry to replace 
existing corona treatments. The advantage of plasma treatment, however, is its potential 
for obtaining unique surface modifications. Plasma treatment would be best suited to a 
production line such as metallization, where the polymer is subjected to further vacuum 
processing (59).
Corona discharge treatment (CDT) is used in the current work. The main reason for 
using corona discharge treatment is its relevance to industry. This project was carried 
out in conjunction with industry, and therefore it is intended to reflect the current 
working practises and methods of increasing the surface energy o f poly(ethylene) 
terephthalate films. Corona discharge treatment is used routinely, for example in the 
packaging industry.
2.3.2 Comparison between plasma and corona treatments
A comparison of gas phase polymer surface treatments was carried out by Strobel et al. 
(59), It was found that the same 0 :C  ratio was found for both CDT and plasma 
treatments, and angle resolved XPS showed similar gradients o f oxidation.
Foerch et al. (60, 61) compared the effects of CDT, oxygen plasma and nitrogen plasma 
treatment on LDPE film. It was found that the uptake of oxygen on a CDT film was less 
than that for the same length of time of oxygen plasma, although the apparatus used was
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not the same as is often used in laboratory experiments (Figure 2.29).
It is quite likely that the effect of corona treatment is a combination of plasma treatment 
with oxygen or nitrogen. However, CDT is carried out in a relatively uncontrolled 
_________  atmosphere, and therefore it is likely to30.00
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Figure 2.29: Oxygen uptake by polyethylene 
in dry ozone, corona discharge, and a remote 
oxygen plasma. (60)
be affected by conditions such as 
humidity. The similarities between the 
treatments means that in the following 
literature, no distinction is made 
between the two, and literature has been 
cited fi'om both fields of study, in 
particular when the gas used in the 
plasma chamber is air, or oxygen.
2.3.3 The corona discharge process
Ordinarily, a gas such as air is a good electrical insulator. However, in a strong enough 
electric field, the molecules become ionised and it will conduct electricity. There is a 
sudden electric discharge, which usually develops into an arc, or sparks between two 
electrodes. If a solid film is placed between these electrodes and intenupts the 
conductive path, instead o f a hot localised arc there is a cooler diffuse glow between the 
two electrodes. This glow, when at atmospheric pressure, is known as a “corona”.
The corona process begins due to the natural presence of a few electrons in the gas 
between the electrodes. Applying a high voltage creates a strong electric field which 
accelerates the electrons towards the positive electrode. The electrons are subsequently 
involved in collisions with gas molecules in their path. The impacting electrons may 
knock an orbital electron out o f the molecule, leaving a positive ion and another 
electron. Hence the process is self-perpetuating. The excited molecules with which the 
gas is now filled, are unstable and decompose spontaneously into radicals, ions and 
photons.
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In an oxygen containing corona, a mixture of activated oxygen species is present 
between the electrodes during treatment, including free oxygen radicals (O'), ozone (O3) 
and activated oxygen (O2 *). The latter is oxygen which is vibrationally and electrically 
excited above its ground state energy (62).
2.3.4 Reactions with a polymer substrate
Reactions between the corona discharge and the polymer surface proceed via a free
radical mechanism. Free radicals are formed at the polymer surface:
RH e-, hv, metastables, ions etc. ^
R R ’ e-. hv, metastables, ions etc ^
In an oxidising atmosphere such as air, the polymer radicals react rapidly with oxygen 
through a peroxide mechanism:
R* + 0 2 >  RO2 ->  RO2H
crosslinks
products with scission 
A
\ /
products without scission
From the peroxy intermediate, there are three different outcomes possible: crosslinking; 
functionalisation with polymer chain scission; and functionalisation without chain 
scission (59).
The oxidised products formed include C-OH, C=0, COOH, epoxy, ether, and ester. The 
key hydroperoxide intermediate has been detected using XPS derivatization techniques.
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2.3.5 Characterisation of Corona Treated Surfaces
Corona discharge treats only the near surface of the polymer (up to a few pm, but 
usually only a few nm, depending upon treatment parameters) without affecting the bulk 
properties of the film (63). For this reason. X-ray photon spectroscopy (XPS) is a useful 
tool, analysing to a depth of approximately 10 nm, or less if angle resolved. XPS reveals 
information about the chemical groups which are present on the surface, and high 
resolution XPS reveals even more information about the groups present on the surface 
after CDT, than has previously been established.
The contact angle can reveal much information about the surface properties of the 
treated film. Contact angle data corresponds to interactions from 0.5 nm, even less than 
surface sensitive techniques such as XPS.
Although a lot of literature on morphology has used scanning electron microscopy 
(SEM) to image the surface of the treated polymers, the morphology of the surface can 
be observed in great detail by atomic force microscopy (AFM).
2.3.5.1 XPS Analysis of Corona Treated PET film
Due to its high surface sensitivity, XPS has been utilised to a large extent in much of the 
literature investigating the effects o f corona treated polymer films. The information 
obtained from XPS includes surface chemical composition, chemical state and the 
relative proportions o f functional groups. XPS can also provide information on the 
composition gradient and the thickness o f the oxidation layer by means of angle- 
resolved XPS.
An effective charge compensated standard spectrum for XPS of untreated PET has been 
published by Beamson and Briggs (64) and can be found in Figure 2.30. It can be seen 
that the C Is peak occurs at ~285 eV and the O Is peak occurs at -532 eV. There are 
several different components within the C Is peak. Binding energies in the C Is
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Spectrum tend to increase with increasing functionality, hence more than one functional 
group may lead to asymmetry and peak broadening. Table 2.4 identifies the functional 
groups present in the C Is peak o f PET. For corona treated PET the oxygen peak would 
be expected to become much more prominent in the survey spectrum. This can be seen 
in some work by Groning et al. (65), although this was a study of different gas plasma 
treated PET (Figure 2.31). The closest for comparison would be the O2 plasma treated 
spectrum.
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Figure 2.30: Standard spectra of PET (64)
Component Binding 
Energy (eV)
Identification
Cl 284.7 Aromatic
hydrocarbons
0 2 286.3 -OH2 O
03 288.7 -0 = 0
Table 2.4: Identification of C Is XPS peak components for PET (64)
Briggs et al. (6 6 ) carried out XPS analysis of treated PET. The spectra obtained before 
and after corona discharge treatment are shown in Figure 2.32. These spectra confirm 
that oxygen is being introduced into the surface during corona treatment, and that the 
oxygen functional groups are different after treatment. Also presented are difference 
spectra, which are obtained by maintaining the C ls peak intensity in both cases, and 
then subtracting the spectra from before and after treatment.
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Figure 2.31: PET XPS survey scans obtained Figure 3.32: XPS of the PET surface before 
after 1 0  s plasma treatment with different (lower trace) and after (upper trace) 
gases: a) as received; b) N2  plasma; c) O2  discharge treatment (620 mJ m^). Subtracting 
plasma; d) Ar plasma (65) these spectra gives the difference spectra. (6 6 )
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Figure 2.33: Overlay of C Is spectra for 
untreated (lower) and oxygen plasma treated 
(upper trace). The difference spectrum is 
shown below. The arrows point to the new 
chemical species formed after plasma 
treatment (67 ).
The difference spectra show the 
appearance of three possible new peaks, 
shifted by 2.2 ev and 4.2 eV for the 
main peaks, and possibly a third with a 
shift o f 1.2 eV from the peak due to the 
aromatic carbons. The first o f these 
would be consistent with phenolic -OH. 
The second is suggested to be a 
carboxylic acid end group -COOH, and 
the third, a -CH2-OH group. All o f these 
groups can be formed by a free radical 
oxidation process.
Gerenser et al. (67) also present a 
difference spectrum, this time for 
oxygen plasma treated PET film, and
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can be seen in Figure 2.33. This figure shows that an equal distribution of acid, carbonyl 
and alcohol functionalities are produced with treatment, and a small amount of 
carbonate groups are also foimed. Gerenser et al. observes that the reactive site of the 
PET surface appeals to be the phenyl ring. The evidence for this is the apparent loss of 
the C ls shake-up peak after plasma treatment, suggesting that the treatment has induced 
ring opening at the polymer surface. It should be noted that the plasma treatment was 
carried out in the preparation chamber of the spectrometer, and therefore the surface has 
only been exposed to high vacuum and not to the atmosphere, which could alter the 
treated surface. This and the slightly different surface treatments, may explain the 
differences between the results from Gerenser et al. and the results from Briggs et al.
Groening et al. (65) also performed in situ surface analysis. In this study, the phenyl 
ring in the PET structure was found to protect the ester group from the ions, by 
spending one o f the delocallised electrons for the ion recombination. The authors 
believed the phenyl ring in PET to play a crucial role in the treatment process. Three 
functions are defined: a) it is highly polarizable and it can therefore attract the ions; b) 
its dimensions are big compared to the rest of the monomer, thus the probability for the 
ion to collide with it is higher than for a collision with the ester group; c) the six 
delocallised elections of the ring can easily recombine with the ions and reduce them to 
neutral atoms, so there is a loss of reactive ions.
It may be possible to infer the effects of corona treatment on PET films from the results 
obtained from other polymers, such as polyethylene or polypropylene. Of course, the 
situation with PET is more complex due to the presence of the phenyl ring, and also the 
presence of the oxygen functionalities, which occur within the structure of PET. For 
polyoiefins, all the oxygen detected after surface treatment must be oxygen incorporated 
as a result of treatment. This is obviously not the case for PET.
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Figure 3.34; Influence of plasma treatment 
time upon the C Is spectrum (6 8 ).
A study of polypropylene (PP) found 
that the O/C ratio increased with 
discharge treatment time (6 8 ), as has 
been observed by other workers for PET, 
although the amounts of oxygen 
inclusion are significantly higher for PP. 
XPS analysis revealed that discharge 
treatment and the subsequent increase of 
the treatment time led to the appearance 
of a shoulder on the C ls peak. (Figure 
2.34). Peak fitting this shoulder allowed 
the author to identify the oxygen 
moieties that had been introduced by the 
treatment.
2.3.S.2 Derivatization Techniques
Briggs and co-workers reported some o f the earliest XPS work on PET, PE and LDPE. 
Briggs applied a technique known as derivatization (69). This techniques has been 
designed to enhance the level of detail which can be achieved by conventional XPS, as 
the latter can be inadequate for the study of the role of individual functional groups in 
adhesion, and to precisely predict the surface composition of the polymer surface.
The criteria for derivatization, as defined by Briggs et al. (70) are as follows;
1. The reagent must undergo a specific reaction with a particular functional group and 
introduce a new atomic species into the surface, preferably and element with a high 
cross-section for X-ray photon emission, such as halide groups.
2. The derivatizing reaction should proceed rapidly under mild conditions
3. Solvents, if required, must be benign
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Pochan et al. (71) further developed the derivatization technique, using gas-phase 
reactions, which eliminates some of the problems associated with the technique, 
including: problems associated with surface plasticisation, and reorientation; the 
dissolution of low molecular weight materials which may be present on the surface; and 
the possibility o f the solvent reacting with the species which are present on the surface.
Pochan et al. applied this gas-phase derivatization technique to PET film. They found 
that the ageing of the PET film could be carefully described by using this technique. 
The disadvantage, however was that only 70% of the oxygen containing species were 
tagged. The untagged species were thought to be esters and ethers, but this could not be 
established.
This technique has now been partially superseded by high resolution XPS of the C ls 
peak, obtained by monochromated A1 K a radiation. Careful peak fitting of these high 
resolution spectra allow all the surface components to be distinguished. This technique 
is utilised in the current work, in preference to derivatisation techniques. This is largely 
because high resolution XPS is far less complicated than derivatization, but it is also 
more accurate, as all of the species can be identified, not just those which react with the 
derivatizing agent.
23.5.3 Valence Band Photoelectron Spectroscopy
Valence band photoelectron spectroscopy is an alternative way to overcome the 
drawback o f the C Is core-level spectra, which is the lack of ability to resolve most non- 
heteroatomic functionalities. While groups such as hydroxyls, amines and amides can 
be identified, changes such as unsaturation and cross-linking cannot be observed. 
Standard A1 K a and Mg K a X-ray sources are very poor at resolving the valence band 
spectra, however, very good results can be obtained from the use o f monochromated A1 
K a radiation.
A valance band spectrum represents the photoelectrons emitted from the delocalised or
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bonding molecular orbitals, to a typical depth of 50-60 Â, depending upon the X-rays 
used or the quality of the UHV. The spectrum covers the binding energy range of 0- 
30eV, and can potentially reveal information on the chemical environments of the 
elements, and therefore the molecular structure of the polymer. Although a complete 
interpretation is rather complicated, a fingerprint approach can be used to make useful 
identification o f specific structures.
Valence band spectra are scarce in the literature, but Foerch et al. (72) used this 
technique to study plasma treated low density polethylene (LDPE) and polypropylene 
(PP). The valence band spectra obtained from these polymers before treatment can be 
seen in Figure 2.35.
In the LDPE spectrum, the intense peaks at 11 eV and 17 eV are the contribution of the 
C 2s. The broad structure below 10 eV is taken to be the contribution of the C 2p. The 
third peak, which is visible in the spectra for PP, represents the methyl side chain, 
which is present in the structure of PP.
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Figure 2.35; Valence band spectra of Figure 2.36: Valence band spectra of remote
untreated polyethylene (a) and polypropylene oxygen plasma treated polyethylene (a) and
(b)(72) polypropylene (b) (72)
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After the two polymers were treated in a remote oxygen plasma for 5 s, using a power 
of 40W, different valence band spectra were obtained. The differences, which can be 
seen in Figure 2.36, are interpreted in the following way: the broad band which appears 
at ~25eV arises from the O 2s electron, and the increase in the band below lOeV is 
caused by the contribution o f the O 2p electrons.
The original C 2s features (11-17 eV) for both polymers were still clear ly visible, even 
despite the large quantities of oxygen incorporated into the surface, which was taken to 
suggest that there are still sufficient lengths of the polymer chain to maintain the 
intensity o f the C 2s peak. The similarities between the treated and untreated polymers 
have led the authors to believe that the hydrocarbon reorganisation, which has been 
observed by other techniques, is only taking place in a very thin surface layer.
Combining this information with the C Is spectrum, which has peaks attributed to the 
bonding of oxygen with the carbon, led to the conclusion the chains are now separated 
by new functional groups such as C-0, C=0 and 0-C = 0 after oxygen plasma treatment.
2.3.5.4 Contact Angle Measurement
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e 2 3 4 S
EXPOSURE T J M £ .. i n
Figure 2.37: Water contact angle of PET films 
treated in air at different power levels: (A) 10 W; 
(+) 20 W; (□) 30 W; (X) SOW (73)
Hsieh et al. (73) studied the surface 
wettability of PET films. The water 
contact angle was found to drastically 
decrease with both power levels and 
exposure time (Figure 2.37), with the 
greatest change occurring in the first 
30s of exposure.
The characterisation of treated 
polymer surfaces by contact angle 
measurement is hampered by the 
presence of low molecular weight
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oxidised material (LMWOM). For an unwashed sample of a corona treated polymer, 
dissolution of the LMWOM is likely to alter the localised surface tension of the water at 
the advancing liquid front (74), Also, the surface energy of the LMWOM itself is likely 
to be different to the insoluble underlying material. The combination of these two 
factors causes serious difficulties in interpreting the advancing angle data on unwashed 
samples. None of these difficulties are observed on washed samples, from which the 
LMWOM has been removed.
In theory, the receding contact angle on the unwashed samples should measure the same 
contact angle as the washed samples. However, dissolved LMWOM may lower the 
contact angle at the retreating liquid front, causing the measured angle to be less than 
the actual angle. Despite these problems, the contact angle data on unwashed samples is 
extremely reproducible (75).
Measurements o f aged samples can also be ambiguous due to the possible presence of 
hydrocarbon contamination. This hydrocarbon build up could lead to an increase in 
measured contact angle, which could be misidentified as reorientation, or restructuring 
of the treated polymer.
2.3.5.5 Surface Free Energy
One of the main reasons for treating the surface of a polymer is to increase the surface 
free energy of a polymer surface, The surface free energy (y^ ) can be divided into a 
polar (ygP) and dispersive (y/) component (y^  = y /  + y^ P ) and it is the polar component in 
particular which has been identified in many cases to be the component responsible for 
enhanced adhesion. (76)
Cueff et al. studied the polar and dispersive components of the surface energy o f PET 
and how they change with different plasma treatments, and length of times of treatment. 
For the plasma treatment in air, it was found that although the dispersive component of 
the surface energy did not change significantly (an increase o f 7mJ m'^ from the 
untreated value) the polar component showed a rapid increase of 3+1 mJ m" ,^ to 31+4
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mJ m" .^ A slight decrease in the dispersive and polar components can be observed with 
longer treatment times.
Corona treatment is thought to increase the surface free energy of a polymer film by 
increasing the polarity (77, 78), although it is not clear whether the polarity is increased 
as a result o f the number of acid or basic sites at the surface. Hansen et al. carried out an 
investigation into the acidic and basic properties of corona treated LDPE films. 
Calculating the polar and dispersive components of surface tension o f the treated 
polymer film led to the observation that the dispersive component remains fairly
constant at about 33 mJ m" .^ 
The polar component however, 
increases with increasing power 
to a value of about 10 mJ m" ,^ 
which is double the as received 
value.
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Figure 3.38: Contact angles of varying pH on film vs, 
corona treatment
Using a known acidic solution 
to measure the contact angle can 
be extremely useful, as the 
contact angle o f an acidic 
solution onto a basic surface
will be lower than that o f the same liquid on a neutral or acidic surface, and the reverse 
is true for a basic solution. The contact angles measured with an acidic solution dropped 
with initial treatment level, indicated an increase in the number o f basic sites (see Figure 
2.38 dashed line), but then rose a little with increasing treatment energy. For the basic 
solution, the contact angle decreased with increasing level o f corona treatment, 
indicating that the number o f acidic sites increases with increasing power of treatment. 
This led to the theory that low level corona treatment increases the number o f both 
acidic and basic sites, but further increase of corona treatment leads to a relative gain of 
acidic sites. It is suggested that these findings could give insight into over treatment o f 
films by corona discharge. For some applications, the presence of these acidic sites 
could be a bonus, for example if  the other bonding interface is predominantly basic, a 
large number o f acidic sites would improve adhesion. If, on the other hand, the o ^ e r
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bonding interface were acidic, then an increase in the number of acidic sites would be 
disastrous in terms of adhesion.
23.5.6 ToF-SIMS Analysis of CDT Polymer Films
There is very little ToF-SIMS analysis of treated films in the literature. One study on 
polyethylene and polypropylene was carried out by van Goij et al. (78). For both the 
polymers plasma treatment the incorporation o f oxygen was observed, identified by the 
appearance of a peak at m/z = 16 in the negative spectrum, corresponding to O'. Many 
peaks in the positive spectrum were also identified as oxygen containing fragments.
Nitrogen fragments were observed in the polymers treated in nitrogen, and to a lesser 
extent those treated in air. The incorporation of nitrogen was identified by the presence 
of a peak at m/z = 26 in the negative spectrum (CN‘), and even mass peaks in the 
positive spectrum. At masses over m/z = 100, the even mass peaks appeared to become 
more dominant over the odd mass peaks. It is suggested that these even masses are 
formed by structures such as amines or imines and not by nitriles, whereas m/z -  26 in 
the negative spectrum is strongly formed by nitriles and much less by amines and 
imines. It is therefore suggested that all of these functionalities are present.
A two step mechanism is suggested, in which a reactive site is first created by any 
particle impact, followed by a reaction of this site with competing paiticles of different 
reactivities. It is possible for multiple reactions to occur at these sites, which leads to the 
formation of C-N-0 functionalities.
This study includes data on the relative yields of some oxygen and nitrogen containing 
fragments, which are seen to increase with increasing levels of plasma treatment.
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Figure 2.39: Resolved components of selected 
peaks from the positive ToF-SIMS spectrum 
of a discharge treated polypropylene film for 
30s. (68)
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A  Study of PP films by Boyd et al. (6 8 ) 
included ToF-SIMS analysis. It was 
found that the positive ion SIMS spectra 
at first sight looks very similar for both 
the treated and the untreated films. 
However, high resolution analysis 
revealed that the peaks at any nominal 
mass also included oxygenated
fragments, in addition to the original 
hydrocarbon fragment. An example of 
this is shown in Figure 2.39. This
evidence is backed by the appearance o f a mass at m/z = 113 for the treated film, which 
is not a feature o f the as received PP spectrum.
The negative spectrum of discharge treated PP films is more revealing. Treating the 
surface leads to the introduction of O' and OH' (m/z = 1 6  and 17) and also the 
appearance of peaks corresponding to NO2 '  and NO3 (m/z = 46 and 62). An extensive 
series o f fragments extending up to m/z = 500 can be seen, which correspond to ions 
with the general structure CxHyOz". The negative spectrum also has unambiguous peaks 
conesponding to CO3 and HCO3 '  (m/z 60 and 61).
Although studies of similar polymer films can be useful to the interpretation o f analyses
of treated PET films, the same problems exist in ToF-SIMS analysis, as in XPS
analysis. The presence o f oxidised fragments in the as received PET molecule 
complicates interpretation o f the specti'um for the treated surface. However, some useful 
observations from studies such as the one mentioned above can help to understand the 
changes occurring at the PET surface as well.
23,5  J  Morphology
There is some debate as to whether the change in surface wettability o f a corona treated
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PET film, could be attributed to a change in the surface roughness of the polymer, as 
well as chemical modification of the surface.
Most studies of surface morphology have been carried out by scanning electron 
microscopy. Hsieh et al. studied the effects of glow discharge times on PET fibres. 
Greater roughness was observed after 30 minutes treatment at 30W (79).
Leclercq et al. (80) also found that the 
roughness of the surface increased with 
increased time of treatment, despite the 
roughness for the shortest treatment 
times being on a scale which was belowr z ............... ___
yyJxiQg the resolving power available with SEM.
By studying the adsorption
Figure 2.40: Surface density of polar groups characteristics of ions onto thevs. treatment time. Nb = number of cycles. (80)
surface of the treated polymer, the 
surface density of polar groups could be obtained (Figure 2.40). This surface density 
was obtained by measuring the change in radioactivity after adsorption o f Ca^ "^  ions 
onto treated and untreated PET surfaces, and relating this difference to the surface 
density of -OH groups. The actual method by which these results were calculated were 
not explained well in this paper, however, the results may be o f some value. It can be 
seen that a plateau is reached at fairly low treatment times, and then there is a 
subsequent increase again in the surface density. The plateau is explained by the PET 
film surface being saturated by -OH groups, supported by the fact that the contact angle 
value only changes slightly in this range of treatment time. The subsequent increase in 
calcium adsorption in Figure 2.40 is explained by the surface roughness of the corona 
treated film, which becomes more pronounced, and the increase is due to -OH groups 
present in cavities as well. This led to the idea that at low treatment times, the 
relationship between the increase in wetting energy and the surface density of the 
functional groups can be established independently from surface morphology.
Although Strobel et al. (75) acknowledged that corona treatment can lead to roughening 
of the polymer substrate, it is suggested that roughness is usually only generated by high
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humidities and high energies. Using SEM it was established that the corona treatment 
used in their study did not appear to alter the degree of surface roughness, and it was 
therefore concluded that all changes in contact angle could be attributed solely to 
chemical modifications of the surface. The limiting factor in studying the corona treated 
surface by SEM is that the features are very small, and are often below the resolution 
limitations of the technique. This is why AFM has recently developed this area of study 
for poly(propylene).
However, this is apparently in contrast with an earlier paper in which Strobel et al. (74) 
related the change in the morphology of the surface of polypropylene with the presence 
o f the LMWOM. Bumps on the surface reported by many investigators after corona 
treatment are completely removed by washing with a polar solvent.
Boyd et al. (6 8 ) used AFM to see the morphology of PP surface before and after 
treatment. It was found that after treatment, large globular type features appeared on the 
surface (0.5-1.0pm in diameter) which increase in size with more treatment. These 
globular features were attributed to LMWOM, as they have been in previous studies. 
The explanation for the globular appearance of the LMWOM is that it is energetically 
unfavourable for high surface energy substances to interact with the lower surface 
energy polyolefin substrate. Washing of the surface in polar solvents, did lead to the 
removal of the large globular features, but the surface did not look like that of the 
untreated polymer, instead much smaller globular features were seen with diameters of 
just a few hundred nanometres.
2.3.S.8 Low molecular weight oxidised material
Low molecular weight oxidised material (LMWOM), according to Strobel et al. (74, 75) 
is a natural consequence of the free radical oxidation process. LMW oxidised products 
are formed as scission progresses. In a study on polypropylene film, Strobel at al. 
showed that some oxidised species could be removed by washing the treated surface in 
water, which was indicated by a reduction in wettability, or other polar solvents, such as
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ethanol or acetone. Washing with a non-polar solvent, however, does not cause any 
discernible change in the contact angle. This was interpreted at implying the presence of 
LMWOM.
XPS analysis of the surface after washing showed a decrease in both the amount and 
depth of the oxidation. Before washing, the depth of oxidation was greater than the XPS 
sampling depth (~7 nm). After washing, however, and therefore removal of LMWOM, 
the thicloiess of the oxidised material was less than the XPS sampling depth.
In a later study by Strobel et al. (75), it is reported that corona treated PET also shows 
the presence of LMWOM.
The suggestion has been made by Gerenser et al. (71) that a high rate of chain scission 
occurs during treatment, resulting in short-chain material at the surface. These low 
molecular weight fragments can then act as a barrier layer, which may affect the 
adhesion properties o f the film. This means that there is very likely an optimum level of 
oxidation created by the power level or length of treatment, above which the corona 
discharge level becomes more destructive, and surface properties are lost rather than 
improved.
Briggs et al. (66) found that the contact angle data, which are characteristically sensitive 
to the uppermost surface layer, show an increase in the contact angle of the discharge 
treated film after washing. A treated PET film after washing still has a higher surface 
free energy than that of the untreated surface, and the value of the polar component of 
the sui'face free energy is still 100% higher than that of the untreated surface. This 
suggests that not all the oxidised species are of low enough molecular weight to be 
removed by washing.
This theory is supported by the findings of Boyd et al. (68) who found that washing the 
treated films resulted in a loss of oxygen on the surface o f PP, but that the surface did 
not return to its untreated state. The relative distributions of the detected oxidised 
moieties did not change significantly between the washed and unwashed samples.
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2 3.5.9 Ageing of corona treated films
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Figure 2.41: LLDPE O/C elemental ratio as a 
function of time after corona treatment. (81)
Lanauze et al. (81) studied the effects of 
ageing on a polyethylene (PE) substrate in 
terms of oxygen to carbon ratios, as 
measured by XPS. The results can be seen 
in Figure 2.41. From these results it was 
observed that there were no major 
changes observed for a given treatment 
level as a function of time, and that the 
concentration of oxygen incorporated into 
the surface varied directly with treatment 
level.
The Lanauze et al. study obseiwed PE film over a period o f one week. These findings 
concur with those of Gerenser at al. (71), who found that during ageing, under ambient 
conditions, PE film showed little change for the first 14 days after treatment. This was 
then followed by a decrease o f 15% oxygen, and after 28 days the film was found to be 
relatively stable. Derivatization showed that some o f the oxidised molecules were either 
migrating into the bulk, or slowly subliming and less mobile molecules remained at the 
surface.
A similar behaviour has also been reported for the corona treated surface of 
polypropylene (PP), in a study by Strobel et al. (82). Ageing studies o f PP by Boyd et 
al. (68) also showed that the oxidised layer gradually disappears with time. This was 
evident from the fall in the O/C ratio and the corresponding attenuation of the high 
binding energy shoulder on the C Is peak with ageing time, which were assigned as 
oxidised carbon functionalities.
In a study o f LDPE films by Foerch et al. (60), the surface oxygen content was seen to 
decrease by 60%, that is from 21 to 8%. Although it is acknowledged that much o f this 
can be accounted for by surface rearrangement by macromolecular motion which re­
orientates polar groups away from the uppermost layer of material, it is also commented
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upon that 60% is too excessive to be exclusively due to molecular rearrangement. It is 
suggested therefore, that the ageing process is due to a number o f phenomena, which 
may include additive migration, loss o f adsorbed oxygen, molecular reaiTangement, and 
chemical rearrangement to minimise surface tension and to maximise inter- and 
intramolecular interactions such as hydrogen bonding.
In contrast, several investigators have reported that the surface of PET ages much more 
rapidly than that o f PE or PP (66, 82, 83). Strobel at al. (75) compared corona treated 
PP and PET by XPS and contact angle analysis. The rapid ageing behaviour of PET is 
attributed to the production and subsequent migration of LMWOM, and the generation 
and reoxidation of oxidised functionalities formed on relatively immobile PET chains. It 
was suggested that the dramatic differences between the ageing of PET and PP could be 
explained by the individual polymer molecules, PET contains ester functionalities, 
which can interact with the oxidised materials generated by corona treatment. This 
capability for interaction enhances the likelihood of migration or extensive 
reorientation. The molecular weight of the individual polymers will also have an effect.
Some evidence that the ageing effect o f PET film is due to the migration of LMWOM, 
can also be found in the study by Strobel et al. They found that if the films were washed 
immediately after treating, the same XPS O/C ratios were obtained as for the treated 
film after 180 days. This indicated that the entire ageing phenomenon on corona treated 
PET is due to LMWOM migration. However, the two films with the same O/C ratios do 
not have identical surface energies, which means there is still some differences between 
the two treatments.
This difference between the surfaces may be explained by the study by Pochan et al. 
(84) where a derivatization technique was used to study the effect of ageing on the 
corona treated PET surface. It was found that between 0-24hrs, the epoxy and acid 
concentrations remained relatively constant. Hydroperoxy concentration decreased with 
time but there was a corresponding increase in the carbonyl and hydroxyl 
concentrations. They also discovered that the total tagged oxygen increases, although 
the incorporation o f oxygen remained the same.
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Figure 2.42: Carbonyl and hydroxyl
populations vs. hydroperoxy population for 
dry-air CDT PET. Numbers based upon 
initial surface carbon atom concentration 
(84).
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At long times the population of all 
species decreases. These observations 
indicate that CDT creates a high free 
energy species on the surface of the 
polymer, which continues to react after 
treatment and storage. The largest 
changes during this time are the C=0, C- 
OH, and COOH species. Figure 2.42 is a 
plot of the concentration of these 
species. The slope shows a one to one 
correspondence between the species and 
therefore the reactions proposed are as in 
Figure 2.43 although this proposal was 
not checked.
Figure 2.43; Proposed mechanism of 
degradation of CDT PET surface (84).
A 0"
Figure 2.44: Changes in XPS of discharge 
treated PET (620 mJ cm' )^ as a function of 
ageing time: A) zero, B) one day, C) 23 days, 
D) untreated film (66).
A study of PET by Hsieh et al., (79) 
which involved studying the stability of 
the treated surface by means of water 
contact angles and scanning electron 
microscopy, monitoring the changes for 
up to seven weeks. The results 
confirmed that the surface chemistry, 
and not a change in surface morphology 
could explain the wettability changes. It 
is important to note from this work that 
despite the ageing effect o f PET, the 
surface does not revert back to an 
untreated state even after storage for 180 
days.
An XPS study o f the ageing effects o f PET was carried out by Briggs et al. (66). 
Comparison o f the spectra obtained over a period of time show that the surface 
composition gradually reverts to that o f the untreated film (Figure 2.44). Spectrum A,
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however, although labelled as zero time, will not necessarily represent the polymer 
immediately after treatment, as it must be introduced into the spectrometer first, during 
which time many changes to the surface may already have taken place. A change in the 
spectra can be observed, but although reverting back towards the chemical composition 
of the original film, this particular set of experiments does not dispute the observation
by Hsieh et al. that the surface does not
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Figure 2.45; Seal strength (g/25 mm) for seals 
formed between discharge treated surfaces 
(130°, 2 s at 25 psi) as a function of elapsed 
time between treatment and sealing (66).
revert back to the original exactly even 
after 180 days.
Some actual adhesion data for ageing 
PET film was presented by Briggs et al. 
and can be seen in Figure 2.45. It was 
observed that the longer the time 
between treating the film and sealing, 
the higher the minimum temperature 
necessary to give good seals.
2.3.5.10 Presence of nitrogen on corona treated substrates
T air treated
*S3
«- binding energy (eV)
Cueff et al. (76) studied the effects of 
plasma treating PET in various media. 
The spectra for untreated PET and 
plasma treated in air, can be seen in 
Figure 2.46. The chemical changes that 
are occurring as the polymer is air 
plasma treated include the introduction 
of isolated carbonyl groups appearing at
287.5 eV (C4), accompanied by a decrease in the number of ester groups (C3). A peak 
is also observed at 285.9 eV, which corresponds to CN bonds. This assignment is 
supported by the appearance o f the N Is peak at 399.5 eV. From the O Is spectra it 
could be seen that the peak component corresponding to the C =0 bond increases
Figure 2.46: C Is spectrum for PET plasma 
treated in air (76).
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relative to that o f the C-O component.
In a study o f corona treated PET Briggs 
et al. (66) observed a strange and 
complex behaviour of the N Is peak over 
a period of time (Figure 2.47). 
Immediately after treatment, the N Is 
peak was found to be very broad and has 
two peaks, at binding energies of 400 
and 401.5eV. After ageing for 24 hours, 
the shape of the peak changes, and the 
peak maximum occurs at 401.4eV. After 
24 hours, even more change is observed, 
and the peak at 401.5 eV is seen to 
increase further. No change in the 
overall intensity of the nitrogen was 
noted during this time. However, after washing in distilled water a drastic loss in 
intensity is observed, and the peak maximum is then observed at 399.4 eV.
J
Figure 2.47: Changes N Is spectra as a 
function of ageing time: A) zero; B) one day; 
C) 23 days; D) untreated film; E) treated 
surface after washing (66).
The peak observed at 401.5 eV is probably due to -CONH2 , and that at 400 eV is 
probably due to -NH2 . However, Briggs concluded that the quantities of nitrogen
present on the surface, compared with 
those of oxygen, means that it is unlikely 
to play an important role in surface 
interactions.
2«V ■ la n d in g  a n a fg y
Figure 2.48: Evolution of the N Is peak as a 
function of exposure time to the discharge 
treatment (85).
In a study by Amouroux et al. (85), 
investigating the effects of different 
treatment parameters, nitrogen is also 
observed, and much more emphasis is 
put on the possible influence on the 
surface properties of the polymer film. 
Nitrogen, in the form of an amine (-NH2)
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and in oxidised form (N O  and N O 3), was found to reach a plateau after about 15 mins of 
treatment (the actual length of time depends upon the wire-cylinder distance of the 
treater). Figure 2.48 shows the progressive changes in the nitrogen pealc, with time of 
treatment. The nitrogen peak corresponding to the oxides can be seen to be increasing 
with time of treatment, and oxidation o f the amines also seems to occur as the time 
increases. The lengths of time involved for corona treatment in this study are much 
longer than those used in most other studies. Time is quoted in minutes, rather than 
seconds, which is usually the case. In an industrial environment, the time of corona 
treatment would not be long, although the power may be greater to compensate for this. 
It is not clear whether power of treatment, and time of treatment are interchangeable in 
this way.
2.3,5.11 Proposed Mechanisms of Corona Treatm ent
Kim et al. (86) proposed that the improvement in autoadhesion observed by them after 
corona treatment of polyethylene, was due to the formation of electrets. These electrets 
were said to be long lasting charging induced in the film from the corona, which 
decayed over time, and so were thought to be responsible for the reduced adhesive 
strengths with time. This was proposed because of the observation that no traces of 
oxidation could be found by infra-red spectroscopy for the PE which was corona treated
in nitrogen, and yet a rapid increase in
1. f  Og " ^ the bond strength in the first few seconds
" was also obseiwed.
2. R^C-R*    R-S-Ç-R" +  "R'
Ç H  O H One of the early workers in the field.
y  ^  ^ Owens (87), disagreed with the theory3, :p=£: R-gc-R
" put forward by Kim et al. He proposed
that the improved adhesion was due to
4.  ^ the formation of hydrogen bonds on each
R-è-R
Figure 2.49; Formation of ketones in PE by formed by corona treatment. He found corona treatment (87)
surface, involving the carbonyl groups 
f r e   c r a treat e t. e f  
that if  a drop of water was placed in the
62
Chapter 2: Organosilane Adhesion Promoters, Low Energy Polymer Substrates and Adsorption
junction between two bonded pieces o f film, the peel strength immediately dropped to 
zero. Owens identified the presence of the carbonyl groups by extraction of the surface 
using NaOH. It was concluded that the enhanced adhesion was due to hydrogen 
bonding between the enolic hydrogen and the carbonyl groups. Enolic hydrogen is 
formed from a ketone group, as shown in Figure 2.49. The immediate failure o f these 
bonds in the presence o f water was attributed to the ability o f water to disrupt the enol 
carbonyl hydrogen bond because o f its stronger hydrogen bonding tendency.
Owens also investigated corona treated PET film, (88) again concluding that the 
improved adhesion after treatment was due to hydrogen bonding through oxidation of 
the surface. The mechanism proposed for PET is shown in Figure 2.50. This mechanism 
was suggested because if  the -OH groups were substituted onto the aromatic structure 
o H „ o O „ „ chain scission or
0-Ç—|- o ----
HjO
•TtT"
CO
P/oducls
Figure 2.50: Proposed mechanism for
formation of terminal phenols in corona and 
« V  treated films (88).
decarboxylation occurring, an internal 
hydrogen bond would be formed 
between this group and the adjacent 
carbonyl group, which would prevent 
interaction with other molecules. As 
there cleaiiy is interaction with other 
molecules, it is concluded that the -OH 
groups present are terminal phenolic 
hydroxyls, and therefore chain scission 
and decarboxylation must be occumng.
—CH,—CH,—CHi— ■' '  *1 . —cH j-CH —CH,—
t«ilul- C H ,- C H - C H j—   C H ,~ C H -C H , CH ,—CH—CH,-
I H ( I
O  (btinciliKi O  OO^H O ^0~R
Products ( Z : C = 0 .  C —OH . C —OR, — COOH, —COOR, etc.)
Figure 2.51: Likely mechanism of oxidation of 
LDPE by discharge treatment. Hydroperoxide 
decomposition is frequently accompanied by 
chain scission leading to functionalised 
products of a reduced molecular weight (89).
The use of XPS allowed later studies of 
corona treated films to attempt to 
elucidate the mechanism more 
accurately. Using XPS Briggs et al. (89) 
proposed a mechanism for LDPE 
(Figure 2.51). Briggs also confirmed the 
mechanism suggested by Owens, i.e the 
oxidation of the surface rather than 
electret formation as suggested by Kim
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et al., being responsible for the improved adhesive properties (66). One of the reasons 
that led Kim et al. to their theory was the lack of oxidation in a nitrogen corona. This 
could have been due to the technique used not being very sensitive to such 
functionalities on the surface, as subsequent studies of a nitrogen corona using XPS has 
indeed observed the introduction of oxygen functional groups on the surface.
2.3.6 Summary
There is general agreement within the literature on corona treated polymer films, that 
oxygen is incorporated into the surface of the polymer, in the foim of functional groups, 
although the quantities reported vary greatly. Apart from one study by Briggs et al. in 
1980 (66), there have been no comprehensive studies by XPS, or indeed ToF-SlMS, to 
elucidate the surface chemistry o f corona treated PET. The above study was not carried 
out using high resolution XPS, such as can be achieved by modern spectrometers, and 
therefore was unable to definitively identify the functional groups present on the surface 
after treatment.
Although there are a reasonable number o f studies carried out on PE and PP, the results 
tend to vary quite considerably, in particular when determining the effects of ageing, or 
washing. The general conclusions seem to be that both of these processes will tend to 
remove some low molecular weight material from the surface, which in turn reduces the 
polar contribution to the surface energy, and consequently the surface energy itself. 
However, majority of the findings suggest that despite the removal of this loosely bound 
layer, or reorientation, of the molecules the resulting surface is not the same as the 
untreated surface. This has been established often from the thermodynamics of the 
surface, but much less in terms of the chemistry of the surface. This conclusion is 
apparent from the fact that surfaces in real situations are aged before they are used, or 
even washed before they are used, and yet significant increases in the stiength of 
adhesion are nevertheless observed. None of the investigations has actually related the 
presence of the LMWOM to either an increase or decrease in adhesive strength, 
although it is suggested by many that it serves as a weak boundary layer.
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The effect of the corona discharge treatment on the surface of PET is likely to differ 
from that of the polyolefins, due to the presence of oxygen already in the molecule, and 
due to its aromaticity. Therefore, although it is possible to infer the chemistry o f the 
treated PET surface from the studies o f polyolefins, it is essential that a definitive study 
is made to characterise the surface, so that all the possible interactions o f the 
organosilanes onto these substrates can be considered. Chapter 8 of this thesis aims to 
do just that. With high resolution XPS using monochromated Al K a, it was possible to 
identify components of the C Is spectrum, which have not previously been reported.
It has also become apparent from this literature review that different studies have used 
very different treatment parameters, either in terms of speed of treatment, or power o f 
treatment, and there has been nothing published to establish whether or not these two 
factors are interchangeable. Both can be expressed in terms of the energy imparted to 
the surface during treatment, but whether they produce the same surface chemistry or 
morphology has not been investigated. The work presented in this thesis on corona 
treated PET aims to address this question.
The different treatment parameters used in the literature can be extreme, with treatment 
times ranging from seconds to minutes, and levels of reported oxygen incorporation 
varying considerably as well. For this reason the current work on the characterisation o f 
treated PET was also essential, as the treatment parameters are known, and are typical 
o f those used in industry.
2.4 ADSORPTION STUDIES
2.4.1 Introduction
The extent of surface coverage can be expressed as the fi*actional coverage 0, which can 
be defined as:
0 = number of adsorption sites occupied/number of adsorption sites available
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The rate of adsorption is the rate of change of surface coverage and can be determined 
by observing the rate of fractional coverage with time. A classical method for the 
determination of the rate of adsorption is by monitoring the rate o f flow in and out of a 
system, and the difference is therefore the rate of gas uptake by the sample. Integration 
of this rate then gives the fractional coverage at any stage. An alternative to this is 
gravimetry in which the sample is weighed on a microbalance during the experiment, 
thus measuring the rate o f adsorption by the weight increase. As a consequence o f these 
classical methods, most adsorption theory has been developed with a gas as the 
adsorbing species. The free gas and the adsorbed gas are in equilibrium, and the 
fractional coverage of the surface depends upon the pressure of the overlying gas. This 
means that the adsorption isotherm can be defined as the dependence of 0 on the 
pressure at a set temperature (90).
The classical methods have been developed to be used with other types of data than gas 
pressure data. Uptake curves, and consequently adsorption characteristics of one species 
onto a substrate can be produced by many different methods, some of which are more 
reliable and reproducible than others. The study of silanes onto various substrates for 
example, has been carried out using X-ray Photoelectron Spectroscopy (XPS), FTIR, 
and NMR spectroscopy to name but a few.
Uptake curves can be produced which represent both the kinetics and the 
thermodynamics of adsorption. From this data it is possible to construct adsorption 
isotherms, which by their inherent assumptions yield information about the substrate, 
and they can be used to calculate other information, for example the number of reactive 
sites on the surface, and energy of adsorption.
2.4.2 Physisorption and Chemisorption
Molecules and atoms can attach themselves to surfaces in two ways. These can be 
defined as physical adsorption (physisorption) and chemical adsorption (chemisorption). 
In the case of the former, there are Van der Waals interactions between the adsorbate
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and the substrate. These interactions have a long range, but are weak and the energy 
released when a particle is physisorbed is the same order of magnitude as the enthalpy 
of condensation. In fact, physisorption occurs as a result o f the same type of non­
specific intermolecular forces that are responsible for condensation o f vapour into a 
liquid. An important difference between physisorption and chemisorption is that 
physisorption decreases with increasing temperature (for example, baking a UHV 
system to remove contamination), whereas chemisorption increases, because it is often 
an activated process.
The enthalpy of physisorption can be measured by monitoring the rise in temperature of 
a sample of known heat capacity, and typical values are in the region of -20  kJ mol '. 
This is a small enthalpy change and is not enough to lead to bond breaking, so a 
physisorbed molecule remains in place although it may be distorted by the presence of 
the surface. Physisorption is very rapid and is reversible (91).
Chemisorption involves the particles forming a chemical bond, usually a specific bond, 
e.g. covalent or acid-base, and they tend to find sites that maximise their co-ordination 
number with the substrate. The enthalpy of chemisorption is in the region of -200 kJ 
mol"'. The chemical bonds of these molecules may be tom apart at the demand of 
unsatisfied valencies o f the surface atoms. Chemisorption may be rapid or slow and 
may occur below the critical temperature of the adsorbate. Gas molecules which have 
been chemisorbed may be difficult to remove and desorption may be accompanied by 
chemical changes (91).
Except in special cases, chemisorption must be exothermic. A spontaneous process 
requires a negative value for the free energy term AG, and As, the entropy temi, must be 
negative, as the freedom of the adsorbate is reduced when it is adsorbed. Therefore, for 
AG = AH - TAS to be negative, AH must be negative and thus exothermic.
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Figure 2.52: The potential energy profiles for dissociative chemisorption of an A-A molecule. In 
each case, P is the enthalpy of (non-dissociative) physisorption, and C is that for chemisorption (at 
T=0). The relative locations of the curves determines whether the chemisorption is a) not activated 
or b) activated (90).
Figure 2.52 shows how the potential energy of a molecule varies with its distance from 
the substrate surface. As the particle approaches the surface, it becomes physisorbed, 
which is a precursor state for chemisorption. Dissociation into fragments then often 
takes place as the molecule moves into a chemisorbed state (e.g. 02-^20). After an 
initial increase in energy as the bonds stretch, there is a sharp decrease as the adsorbate- 
substrate bonds reach their full strength. The molecule does not always fragment, but 
even so there is likely to be an initial increase in the potential energy as the substrate 
atom adjusts its bonds in response to an incoming molecule.
It can be expected therefore that there is always a potential energy barrier separating the 
precursor and the chemisorbed states. However, this barrier may be very low, not rising 
above the energy of a distant stationary molecule. In this case, chemisorption is likely to 
be rapid and is not an activated process (Figure 2.52a). In some cases the barrier rises 
above the zero axis (Figure 2.52b), and in this case, chemisorption will be slower than 
the non-activated kind. This means that the rate of adsorption is not a good indicator for 
the distinguishing between physisorption and chemisorption, as chemisorption can be 
fast is the activation energy is small or zero. Also physisorption can appear to be slow if 
adsorption is taking place on a porous medium.
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The principle test for distinguishing between chemisorption and physisorption was once 
the enthalpy of adsorption. Values less negative than -25 kJ mof* were taken to signify 
physisorption and more negative than -40  kJ mof% to signify chemisorption. More 
recently, spectroscopic techniques have been used to identify adsorbed species and the 
type of adsorption (90).
2.4.3 Langm uir model
i.i
K - i  atm
0
^K=d. l  atm
p/atm
Figure 2.53: The Langmuir isotherm for non- 
dissociative (full lines) and dissociative 
(dashed lines) adsorption for different values 
of AT. fom
The Langmuir isotherm was developed 
by Irving Langmuir in 1916 to describe 
the dependence of the surface coverage 
o f an adsorbed gas on the pressure o f the 
gas above the surface at a fixed 
temperature. This is the simplest model 
and makes some important assumptions:
1) Adsorption cannot proceed beyond 
monolayer coverage
2) All sites are equivalent and the surface is homogeneous, i.e. the enthalpy of 
adsorption is constant for all molecules, first to last.
3) The ability of a molecule to adsorb at a given site is independent of the occupation 
of neighbouring sites.
The Langmuir model can be defined as
0 = (kp)/( 1 +kp) where k=ka/kd 2.4
This can be rearranged to give:
P/x = (1/KXm) + (p/Xm) 2.5
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0 = fraction of monolayer coverage x/x,n 
ka = rate constant for adsorption 
kd = rate constant for desorption 
p = partial pressure 
P = reduced pressure = p - po
K = (A is a constant, Q is the enthalpy o f adsorption)
The typical shape o f a Langmuir Isotherm is shown in Figure 2.53.
2.4.4 BET Isotherm
O.Ol
Figure 2.54: Plots of the BET isotherm for 
different values of e. The value of V/V^on rises 
indefinitely because the adsorbate may 
condense on the covered substrate 
surface.(90)
The BET Isotherm can be defined as:
This is a modification to the Langmuir 
model, in this case, making the 
assumption that the initial overlayer 
may act as a substrate for further (e.g. 
physical) adsorption, and instead of 
levelling off to a saturated value at high 
pressures, it will rise indefinitely 
(Figure 2.54). There is no limit to the 
amount of material which may 
condense when multilayer coverage 
occurs.
V/Vmon = cz/(l -z) {1 -( 1 -c)z}... (2.6)
Where z = p/p*, p* is vapour pressure above a layer o f adsorbate, Vmon is the volume 
corresponding to a monolayer coverage, and c is a constant.
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2.4.5 O ther Isotherms
There are other types of isotherm (e.g. Temkin, Freundlich) which differ in one or more 
of the assumptions made in deriving the expression for the surface coverage; in 
particular, on how they treat the surface coverage dependence o f the enthalpy of 
adsorption (i.e. the enthalpy o f adsorption is not constant). Whilst the Langmuir 
isotherm is one of the simplest, it still provides a useful insight into the pressure 
dependence of the extent o f surface adsorption. For example, in the Temkin isotherm 0 
a  In p.
2.4.6 Adsorption from Solution
Traditionally attempts have been made to monitor depletion of solute in solution to 
define liquid adsorption isotherm (of gas phase). This method did not prove to be very 
successful because of the problems associated with the detectability. Use of XPS and 
ToF-SIMS to monitor the actual amount adsorbed has proven to be much more
successful. The first example of this 
was published by Bailey and Castle in 
1977 (92). It has since been developed 
by the group at Surrey and a review of 
such techniques has been published 
recently (93).
All the theory of adsorption isotherms 
relates to the adsorption of gases. It is 
justified to use this theoiy for solutions 
as well if  the solution is dilute. When a 
pure liquid is placed in contact with a 
solid, the interface between the solid 
and the liquid will be different from 
that in the bulk of the liquid, mainly
• i  *
#•  # •
# # # ^
•  •  •  ^* _ *
•  • .
a) b)
Figure 2.55: Diagrammatic representation of 
the effect of a solid surface in increasing the 
density of a liquid: a) The interior of the 
liquid remote from the solid; b) The liquid 
near a solid. The concentration of the 
molecules close to the solid is increased. The 
dots represent the centres of the molecules.
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because the molecules of the solid now replace the liquid on one side, as illustrated in 
Figure 2.55 (94).
The Langmuir isotherm is still applicable, but is now regarded as an ideal two- 
dimensional solution o f equal size solute and solvent molecules of an area a®, as 
opposed to the gas model where each site was assumed to have an area of Equation
2.5 can then be changed to:
S/y = (1/Bxm) + (S/Xm)....2.7
Where y is the uptake, B is Ae^^^^ and S is the concentration o f the solution. A 
Langmuir plot of S/y vs. S will yield a straight line if the data fits the Langmuir 
isotherm. The values of Xm and B are then readily available.
Adsorption from solution is a relatively complex phenomenon. It depends upon the 
nature of solvent solute interactions in the solution phase and in the interfacial region as 
well as on their interactions with the adsorbent.
Adsorption from solution also involves physical or chemical types of adsorption. 
Physisorption is more common and involves dispersion forces accompanied by 
electrostatic forces if either the adsorbent or the adsorbate is polar (95).
2.4.7 Adsorption isotherms using XPS and ToF-SIMS
With surface analysis techniques, as mentioned previously, it is possible to measure the 
uptake of adsorbate directly. However, the use of ultra high vacuum in these techniques 
means that the adsorbed layer is automatically removed from equilibrium, although in 
the case of chemisorption, this does not appear to be a problem.
A very active area of research in surface science is the study of the detailed mechanism 
by which molecules adsorb onto solid surfaces. A study of such phenomena provides
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information such as the coverage obtained as a function of some specified parameter; 
the binding energy of the adsorbed molecule; electronic interactions; chemical structure 
of the adsorbate; and distribution o f the adsorbate on the surface.
It is possible to investigate the adsorption characteristics of complex organic molecules 
using ToF-SIMS, but as molecular size increases, the possibility of fragmentation 
occurring as the species is emitted needs to be considered. As a result, all the species in 
the observed spectrum do not necessarily reflect all the species to be found on the 
surface. Studies are then necessary to define the detail o f the pattern associated with the 
particular adsorbing species. Once it has been defined, the characteristic peaks can be 
used to monitor the presence of the adsorbate, and transformations on the surface. In 
most cases, if molecular adsorption occurs, then a molecular ion o f some kind will be 
observed in the spectrum (94).
Adsorption isotherms can be readily constructed by monitoring the surface composition 
o f the specimen as a function of normalised solution concentration.
2.4.8 Adsorption isotherms of Silanes
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Figure 2.56: Adsorption isotherms of APMS and AAPS from 10:1 acetone mixtures onto silica (29).
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Examples o f adsoiption isotherms of completely hydrolysed aminopropyl- 
trimethoxysilane (APMS) and aminoethylaminopropyl-tiimethoxysilane (AAPS) from 
an acetone-water mixture onto silica, are shown in Figure 2.56, which were obtained by 
FTIR spectroscopy (29). The isotherms show low adsorbed amounts at very low 
concentrations and a levelling off in the higher concentration range. The levelling off is 
believed to represent the formation of a monolayer. Approximately 20 isotherms for 
APMS were found and most fell in between the two shown for APMS. The behaviour 
of both silane isotherms was similar, and it was observed that although each single 
adsorption experiment is very accurate, the reproducibility of the entire isotherm is very 
poor. This was attributed to the wide variety of condensation reactions taking place.
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Figure 2.57: Adsorption of silanes measured 
as the intensity of the Si 2p photoelectron, as a 
function of solution concentration: a) and b) 
vinyl triethoxysilane; c) y-aminopropyl- 
triethoxysilane (92).
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Figure 2.58: Adsorption isotherm of APS on 
quartz (A) and derived Langmuir plot ( • )  
obtained using atomic percentage of 
protonated amine (%N^) and the initial 
concentration of APS (53).
Figure 2.57 shows different isotherms 
for two different silanes. The reason for 
the aminosilane isotherm reaching a 
plateau at a much lower value was 
attributed to both ends o f the molecule of 
the aminosilane interacting with the 
substrate and so the molecules are not as 
well aligned on the surface (92). 
Slomovski et al. (53) also used XPS to 
obtain an uptake curve of aminosilane, 
this time on quartz, which they fitted to a 
Langmuir type isotheim (Figure 2.58).
Although adsorption isotherms, or 
uptake curves, using XPS are being 
developed, in particular by the group at 
University of SuiTey and associates, 
ToF-SIMS has been used much less 
often and is still in relative infancy, 
mainly due to the wide range o f 
operating parameters and the complexity 
of the instrument. It does however, have
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some advantages over more traditional techniques, namely its molecular and surface 
specificity and its capability of detecting very small amounts of the adsorbate. Examples 
of adsorption isotherms produced by the use o f ToF-SIMS can be found in papers by 
Abel et al. and Vickers et al. (96, 97). The former was a study o f the adsorption of 
poly(methyl)methacrylate on polypynole, and used the noimalised peak intensities of 
the characteristic adsorbate peaks relative to characteristic substrate peaks to quantify 
the levels of PMMA adsorbed onto the substrate.
2.4.9 Summary
This section has reviewed the basic theories of adsorption, from the classical ideas, 
using gas partial pressures to measure adsorption, for which the equations were 
developed, to extending these ideas to the use of XPS and ToF-SIMS to directly 
measure the uptake of the adsorbate.
There has been very little work published on adsorption isotherms of organosilanes on 
any substrate, and there is none published organosilanes on polymer substrates. As 
adsorption isotherms yield a large amount of information about the interaction of 
molecules with a substrate, and also information about the nature of the substrate itself, 
a large part o f the work carried out within this thesis is directed at establishing 
adsorption isotherms.
2.5 CONCLUDING REMARKS
It was the intention of this chapter to review the published literature on the three main 
themes of the work presented in this thesis, namely the hydrolysis and condensation of 
organosilanes, including their interaction with substrates; electrical discharge treatment 
of polymer films, in particular PET; and lastly the theories of adsorption.
The literature included in the first two sections has proved to be varied and
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inconclusive, and as such are investigated in the current work, for the particular set of 
conditions employed.
In the next chapter, the experimental techniques used to obtain the data presented in this 
thesis will be described. The results from these techniques will be presented and 
discussed in the following chapters with reference to some o f the ideas outlined in this 
chapter.
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CHAPTER 3
EXPERIMENTAL TECHNIQUES AND DETAILS
3.1 INTRODUCTION
The following chapter will introduce the techniques and materials used in the 
experimental work presented in this thesis. The techniques used are X-ray photoelectron 
spectroscopy (XPS); time-of-flight secondary ion mass spectrometry (ToF-SIMS); 
surface energetics; ^^Si-NMR spectroscopy and atomic force microscopy (AFM). All of 
the techniques are surface sensitive techniques, as this is essential for investigating 
adsorbed thin films of organosilanes on polymer substi ates. Each of the techniques has 
been utilised to provide slightly different, but complementary information. For example, 
XPS can yield direct infomiation on the uptake of silane onto polymer substrates and 
angle resolved XPS analysis yields information on the orientation of the molecule on 
the surface. ToF-SIMS can also provide information on the uptake o f silane, but relative 
quantities only, and it can be used to identify specific bonding interactions occurring 
between molecules.
The sections on each of the techniques outlines the basic theories and experimental 
details, and the disadvantages of each technique.
3.2 X-RAY PHOTOELECTRON SPECTROSCOPY
3.2.1 XPS Experiment
The XPS experiment makes use of the irradiation, of the sample surface, by soft X-rays. 
X-ray absoiption by an atom in the solid leads to the ejection of an electron, from either 
the core level, or the more weakly bound valence levels. Some of these electrons are
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able to emerge from the surface of the solid and into the vacuum into which the sample 
has been placed. This is known as the photoelectric effect. The kinetic energy (Ek) of 
the electron is the experimental quantity measured by the spectrometer, but this is 
dependent upon the energy of the X-ray source employed, and is therefore not a 
material property. The binding energy (Eb) of the electron is the parameter which 
identifies the electron specifically, and it is this parameter which is plotted against the 
data intensity as an XPS spectrum.
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The process of photoemission is shown 
schematically in Figure 3.1, where an 
electron from the K shell is ejected from 
the atom. This electron is termed the Is 
electron. All electrons with a binding 
energy less than the photon energy will 
be displayed in the XPS spectrum.
Figure 3.1; Schematic of the XPS process, 
showing photoionisation of an atom by the 
ejection of a Is electron. (98)
The relationship that combines the 
parameters involved in the XPS 
experiment is described below:
Ey hv - Ek - s^ample ...(3.1}
Where Ey is the binding energy of the electron, hv is the photon energy of the X-ray 
source, Ek’ is the kinetic energy of the electron emitted from the sample surface, and 0  
is the work function of the sample. For a conducting sample in electrical contact with 
the spectrometer, thus ensuring Fermi level alignment, as in Figure 3.2, the work 
function of the spectrometer, and not the sample should be used. The left hand side of 
Figure 3.2 represents the process of photoelectron emission for a metallic specimen, and 
the right represents those processes involved in the energy analysis of the 
photoelectrons within the electron spectrometer. The incoming photon energy will 
excite a Is electron of a binding energy Ey relative to the Fermi level. The sample work 
function is required as an additional term to remove the electron into the
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Figure 3.2: The relevant energy levels for binding energy measurements of a metal in XPS. The left 
hand side represents the sample, the right hand side the spectrometer. There is Fermi level 
alignment as the sample and the spectrometer are in electrical contact (99)
vacuum. On entering the spectrometer the photoelectron will be influenced by a 
potential equal to the difference between the work functions o f the spectrometer and the 
specimen (O - s^ample)» thus making the electron kinetic energy at the sample surface:
Ek’ = E k”  + 0  - 0sampIe--.(3.2)
Equation 3.1 can now be rewritten in terms of the kinetic energy of the electron which is 
measured within the electron spectrometer:
Eb=/2v-Ek” - 0 . . . (3 .3 )
In the case of an insulating material, the Fermi levels are not aligned, and nor is the 
Fermi level defined unambiguously as a result of the band gap between the conduction
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and valence bands. In such cases, energy referencing is often relative to the C Is peak at 
285.0 eV, as it is a well defined peak (99).
The photoemission process described above occurs when the emitted photoelectrons 
have suffered no loss of energy during tiansport through the solid. If energy loss does 
occur during transport through the solid, then the result is the inelastic scattering of 
photoelectrons, which contributes to the background of the spectrum.
X-ray Emission
t a / u
Auger 
Eiectron
Figure 3.3: Schematic of the relaxation 
processes in an atom after emission of a core 
electron.
Once a photoelectron has been emitted, 
the atom must relax in some way. This is 
achieved either by the emission of an X- 
ray photon, or by rearrangement of the 
remaining electrons which leads to the 
emission of an Auger electron (Figure 
3.3). The latter of these features can be 
used to reveal more chemical 
information about the surface.
The information which can be obtained from an XPS experiment is extremely valuable. 
The most basic XPS analysis will provide qualitative and quantitative information on all 
the elements present, excluding H and He. More sophisticated application of the 
technique can yield much detailed information about the chemistry, organisation and the 
morphology of the surface.
3.2.2 Depth of analysis
The surface sensitivity of XPS is not related to the X-ray penetration depth of several 
microns, but instead due to the low probability that photoelectrons generated just below 
the surface will leave the solid with their original energy and thus contribute to the peak 
observable in an XPS spectrum.
80
Chapter 3: Experimental Techniques and Details
The depth of analysis of XPS depends upon the electrons under consideration. The 
depth is dependent upon the inelastic mean free path of an electron (1), which varies as 
in the energy range of interest in XPS. The inelastic mean free path is a material 
parameter for the electron energy under consideration.
The Beer-Lambert law describes the intensity of electrons (I) emitted from a depth (d):
I = lo exp ( -d / A- sin0 ).. .(3.4)
Where lo is the intensity from an infinitely thick clean substrate, 0 is the electron take­
off angle relative to the sample surface. The variation of electron intensity with depth is 
shown schematically in Figure 3.4. The Beer-Lambert equation can be used in a number 
of ways to provide information about overlayer thiclcness, or to provide a non­
destructive depth profile. Appropriate analysis of the above equations shows that by 
considering electrons which emerge at 90° to the sample surface, 65% will emerge from 
a depth of X, 85% from a depth of 2X, and 95% from a depth of 3X. As the values o f X 
are in nm, the surface sensitivity of this technique becomes apparent (98).
e l e c t r o n  s i g n a l  
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Figure 3.4: Electron emission as a function of depth, the horizontal dashed line represents a 
distance from the surface inelastic mean free path (A)(98)
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3.2.3 Chemical State Information
The binding energy (E y )  is the energy difference between the final state and the initial 
state of the emitted electron. The initial state is the ground state of the atom prior to the 
photoemission process. If the energy o f the atoms initial state changes, for example by 
chemical bonds with other atoms, then the E y of electrons in that atom will also change. 
The change in E y is Icnown as the chemical shift (101).
It is usually assumed that initial state effects are responsible for the chemical shift, so 
that as the formal oxidation state of an element increases, E y of photoelectrons emitted 
from that element will increase. This assumes that the final state effects such as 
relaxation, have similar magnitudes for different oxidation states. For most organic 
samples this assumption is adequate, but it is now widely accepted that it is the final 
state effects which are responsible for the chemical shift in inorganic solids such as 
metal oxides.
The interpretation of chemical shift data relies upon the ability to determine peak 
positions to an accuracy of at least ±0.1 eV. Two possible souices o f error are those 
caused by the spectrometer calibration, and those caused by electrostatic charging of the 
sample.
For carbon bound to oxygen there are a large number of possible functionalities. An 
extremely approximate value for the primary shift is ~ 1.4 eV per C -0 single bond, and 
double this for C=0. Briggs and Beamson (64) compiled a summary of primaiy shifts 
which is given in Table 3.1. A summary of secondary shifts was also published. These 
two tables can be used to accurately predict component binding energies of the C Is 
peak.
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Functional
group
Chemical shift
Min. Max. Mean
Number of 
examples
c - o - c
C - O H
*C — 0 “ C “ Io
o/  \  c — c
c = o '’
o - c - o
* <•0 - C - C
Io
H O - C -
I0
o - c - o
1o
— c —o — c II I o o
— o — c —o
IIo
1.13
1.47
1.12
2.81
2.83
3.64
4.18
4.30
4.36
5.35
1.75
1.73
1.98
2.97
3.06
4.23
4.33
4.34 
4.46 
5.44
1.45
1.55
1.64
2.02
2.90
2.93
3.99
4.26
4.32
4.41
5.40
18
5
21
3
5
21
Table 3.1: Primary C Is chemical shifts (eV) for oxygen functions, relative to saturated 
hydrocarbon (C ls  = 285.0 eV) (64)
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3.2.4 Instrumentation
ANALYSER
electrostatic
ANALYSIS CHAMBER /
The instrumentation for XPS essentially 
consists of: an ultra-high vacuum (UHV) 
vessel with associated pumping system; 
sample introduction and manipulation 
system; an X-ray source; an electron 
energy analyser and electron optical 
lens; and electron detection system; and 
a dedicated data system complete with 
the relevant software to control the 
spectrometer and to process data post­
analysis. A schematic representation of a 
typical spectrometer can be seen in 
Figure 3.5.
Figure 3.5: Schematic of the analysis chamber 
and analyser of a typical spectrometer (98) There are three main reasons why an 
XPS experiment requires a UHV 
environment. Firstly, if there was no vacuum, or a low vacuum, tire probability of the 
emitted electrons colliding with other molecules before reaching the detector, is 
extremely high. Secondly, some components o f the system, such as the X-ray source 
require a high vacuum to function satisfactorily. Thirdly, and perhaps most importantly, 
there is a requirement for the surface of the sample to remain constant during analysis, 
and to remain free from contamination. If there is a pressure o f 10'^ mbar, then a 
monolayer of contamination can be adsorbed onto the surface in minutes, compared to 
hours if the pressure is reduced to 10'^ mbar. With a typical acquisition time in the order 
of tens of minutes, the requirement for UHV conditions becomes apparent.
3.2.4.1 X-Ray sources
The choice of anode material is largely dependent upon the X-ray transition generated. 
The X-ray energy must be high enough to excite an intense electron peak from all of the 
elements of the periodic table, with the exception of the lightest (H and He). It is also
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required that it has a natural line width, which would not excessively broaden the 
resultant spectrum. The most popular choices for anode materials are aluminium and 
magnesium, which are often available in a single X-ray gun with twin anodes which 
provides Al K a and Mg K a photons with energies o f 1486.6 eV and 1253.6 eV 
respectively (98). Both aluminium and magnesium sources are utilised in the XPS data 
presented in the following chapters o f this thesis.
Other materials which have been used for X-ray anodes include Si K a (1739.5 eV), Zr 
L a  (2042.4 eV), Ag L a (2984.3 eV), and Ti K a (4510.0 eV). All of these are of a much 
higher energy than the usual X-ray sources cited above. The reasons why higher energy 
sources would be desirable are two-fold. Firstly, they allow access to energy levels 
unattainable with the conventional anode materials. For example, the highest K electron 
available by Al K a radiation is the Mg Is electron, whereas if Zr L a radiation is used 
the Si Is electron becomes available. By use of several of these different energy anodes, 
it is possible to build up a depth profile, as they all analyse to different depths, thus 
monitoring the apparent changes in composition.
!{«ml«pberical «xuüyter
Figure 3.6: Monochromation of Al Ka using a 
quartz crystal (89)
It is possible to reduce the natural line 
width still further by the use of a 
monochromator. In the work presented 
here which was carried out on the Kratos 
Axis Ultra instrument (Chapters 8 and 
9), monochromated aluminium was 
used. The monochromator works by 
directing the Al K a radiation into a 
quartz crystal, where the lattice spacing 
between the oriented planes is 0.425 nm, 
which is appropriate for the Al K a 
wavelength of 0.83 nm. For these 
wavelengths the Bragg relationship (nÀ. 
= 2d sin 0) is satisfied at an angle of 78°.
The geometry of a rotating anode monochromatised X-ray source is shown in Figure 
3.6.
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A twin anode system malces use o f Al K ai,2 , where the line width at full width half 
maximum (FWHM) is approximately 1 eV. The FWHM of Al K a is 0.85 eV which is 
reduced to 0.4 eV when monochromated. Other advantages of monochromation include 
the removal of the Bremsstrahlung continuum and satellite peaks which are generally 
unwanted parts of the spectrum. The disadvantage of using a monochromator is the 
lower intensity X-rays reaching the sample leads to a decrease in the electron flux. It is 
possible to compensate for this by the use of an efficient collection lens, energy analyser 
and multi-channel detection system.
The area of the sample iiTadiated by the source depends upon the geometry of the 
source and the type of electron gun used. Most achromatic sources illuminate a spot 
which is approximately 1 cn f, compared with monochromated sources which illuminate 
an area in the order of tens of microns. With a focused electron gun and the quartz 
crystal used as both the monochromator and a focusing element, it is now possible to 
obtain spot sizes of ~50 qm.
The X-ray sources described above deal with the conventional laboratory based 
experiments. An alternative to this would be to use synchiotron radiation as a source for 
high energy XPS. The synchrotron provides a broad band of intense radiation that is 
highly collimated and polarised.
Some of the XPS data presented in this thesis were obtained from synchrotron radiation, 
which was carried out at Daresbury SRS. The SRS has a standard operating energy of 2 
GeV at a beam current of approximately 250 mA and produces a continuum of photon 
energies between 1 eV and 100 keV .The SRS station employed in this study was 
station 4.2, which is at the soft X-ray end of the energy range of the synchrotron 
radiation source (i.e 1000-4000 eV). Use of the monochromator allows the user to select 
the optimum photon energy from the range available. For example, a photon energy of 
2000 eV would be sufficient energy to emit the Si Is, as the binding energy of the Si Is 
electron is 1840 eV.
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3.2.4.2 Analysers
The typical analyser for an XPS instrument is the hemispherical sector analyser (HSA), 
as it is capable of achieving the resolution required for XPS, when combined with a pre­
retardation stage.
An input lens is utilised to transfer the electrons from the sample to the analyser in such 
a way that the virtual image of the slit entrance is projected onto the sample. This allows 
the sample to be placed far enough away from the analyser to allow working space 
around it (50 mm). In the diagram (Figure 3.5), the retardation occurs immediately 
before the electrons enter the hemispheres at the slit plate. It is necessary to retard the 
electrons to attain a good resolution with an analyser of a reasonable size, which is 
achieved by retarding the electrons without a loss in their energy spread.
This combination allows for the analyser to be run in two ways: constant analyser 
energy mode (CAE) or constant retard ratio (CRR). In the CAE mode, a fixed voltage is 
applied across the hemispheres, allowing electrons of a particular energy to pass 
between them. This means that the resolution of the spectrum is fixed across the entire 
energy range. Although it is possible to select a pass energy between 5 and 200 eV, the 
higher the pass energy, the lower the achievable resolution. However, the lower the pass 
energy, the lower the sensitivity. This conflict therefore requires a compromise between 
resolution and sensitivity.
The input lens, which transfers electrons from the sample to the analyser, is often 
subject to abenations, which limit the spatial resolution of an image in the image plane. 
It is possible to limit these aberrations by limiting the collection angle of the lens, 
however this has the effect of reducing the sensitivity and decreasing the signal to noise 
ratio. An alternative to this is to use a magnetic lens, which is shown schematically in 
Figure 3.7. Unlike conventional magnetic lenses, this lens produces a field which is not 
confined within the mechanical lens structure, thus enabling a sample to be supported 
some distance away from the lens and provides a clear line of sight for excitation 
sources (93).
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Figure 3.7: Kratos magnetic lens (101)
3.2.5 Non-destructive Depth Profiling
V
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Figure 3.8: Sampling depth as a function of 
electron take-off angle (0). 1 is the inelastic 
mean free path. (98)
Depth of analysis varies with angle, as 
described by the Beer-Lambert law, 
allowing the production of a depth 
profile by XPS. This can be achieved by 
altering the geometry of the experiment. 
For example, by turning the sample to an 
angle of 0 = 15°, analysis is extremely 
surface sensitive. As the sample is turned 
towards an angle of 0 = 90°, the analysis 
depth moves towards a limiting value of 
31. Figure 3.8 illustrates the different 
sampling depths obtained by analysing at 
different take-off angles (98).
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0
Figure 3.9: Substrate/overlayer and intensity 
versus electron take-off angle (0) (98)
A thin overlayer will give a 
characteristic angular distribution 
predicted by the Beer-Lambert 
expression, as described in Figure 3.9. 
On the other band, an island-like 
distribution will show no angular 
dependence, and so it is possible to 
distinguish between these two types of 
phase distribution in this way.
This non-destructive technique is especially important for polymers as actual depth 
profiling by argon-ion etching leads to severe degradation in the polymer surface. This 
makes angle resolved XPS one of the few ways of probing near-surface compositional 
gradients o f polymers. It has therefore been utilised within the work presented in 
Chapter 9, to attempt to elucidate the orientation of organosilane molecules on the 
surface of a polymer substrate.
3.2.6 Sample charging
Irradiation of an insulating material during XPS analysis leads to an overall positive 
charge, as electrons are being emitted, but electrons from the bulk, or horn the sample 
mounting are unable to compensate for the loss of these electrons. The effect of this 
positive chai’ge is to decrease the kinetic energy of the electrons, so that they appear on 
the spectrum at a higher binding energy. Differential charging may occur if the sample 
is in partial electrical contact with the spectrometer. This effect can be significant with 
monochromatic X-ray sources where the X-ray flux density may not be uniform across 
the irradiated area.
In the case of achromatic X-ray sources a compensating flux of electrons is provided by 
the window of the X-ray source (aluminium or beiyllium foil). This window reduces the 
intensity of the high energy Bremsstrahlung radiation from the source as well as 
eliminating stray source electrons and contamination from the analytical chamber. As
89
Chapter 3: Experimental Techniques and Details
the X-rays pass through the window, low energy photoelectrons are emitted from the 
window surface which faces the sample. These electrons are then directly attracted to 
the positively charging sample. The overall result is a small equilibrium potential, 
typically of <10 eV, which is effectively established instantaneously. Some charge 
sompensation is also possible by impingement of the broad X-ray beam onto other 
metallic components in the sample vicinity (102).
An ideal charge neutralisation system should provide a high flux of electrons of low 
energy, with a uniform charge density (93). The loss of electrons can be compensated 
for by flooding the sample with a monoenergetic source of low energy (much less than 
20 eV) electrons. It is usually possible to vary the energy of the flooding electrons to 
obtain the narrowest width of the peak. The arrangement o f the flood gun is typically 
non-normal to the sample surface, and therefore also generally has a variable flux 
density resulting in reduced performance.
The Ki'atos AXIS Ultra incorporates the features of "ideal" chai’ge compensation into its 
system. This works by injecting low energy electrons (typically 0.1 eV) into the 
magnetic field from a filament located at the base of the electron input lens. These 
electrons then follow the field lines to the surface of the sample where they neutralise 
any surface build up. The same magnetic field lines are utilised to extract and focus 
photoelecti'ons, and so it is possible for the neutralising electrons to arrive at exactly the 
same point from which the photoelectrons are emitted.
The design of the neutraliser enables excess electrons to become trapped in the 
magnetic field until required for the neutralisation process. Creating a sufficiently high 
flux of electrons ensures that the whole of the analysed area has a uniform charge 
density.
3.2.6 Radiation damage
On the whole, XPS does not cause excessive damage in the sample being analysed. 
However, polymers are not entirely immune to damage caused by the X-ray beam. 
Although it is commonly believed that using a monochromated source, because of the
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absence of Bremsti*ahlung radiation, reduces any damage, other problems may in this 
case occur, such as excessive heating of the sample (89).
The relative stability of a particular polymer or class of polymer has been compiled into 
a database in the form of a degradation index. The index for a particular polymer is 
based on a graph of Xt/Xo vs. t, where X is a parameter derived from the XPS spectrum, 
which is characteristic of the undamaged polymer; Xt is its value at time t of exposure to 
the X-rays; and Xo is its value at time t = 0. The X-ray degradation index quoted is the 
percentage fall in Xt/Xo after 500 min exposure at a source power of 1.4 kW. The 
degradation index for poly(methyl methacrylate) (PMMA), and poly(ethylene 
terephthalate) PET, which are the polymeric substrates studied throughout this thesis are 
relatively low with a value of 10 for PMMA and 0 for PET, This means that the 
polymers are very unlikely to be damaged by the radiation during the length of analysis 
to which they aie exposed during a typical experiment.
In general, polymer systems, including those containing additives, are reasonably stable 
during the lengths of time usually required for analysis. However, the drive towards 
higher energy, and or spatial resolution is leading to increased flux densities, and 
therefore higher radiation doses. Excessive damage caused by the beam is usually 
visible by means of discoloration of the sample (102).
3.2.7 Interpretation of Spectra
The interpretation of an XPS spectrum requires an appreciation of the spectral features 
that are observed. Analyses are typically performed by first taking a wide scan 
spectrum, covering the range 0-1000 eV, and then taking narrow high resolution scans 
of the features of interest in the spectrum. A characteristic wide scan spectrum for PET 
is presented in Figure 3.10. This spectrum has been energy referenced. This means that 
the energy scale has been shifted to compensate for sample charging. In polymers the 
peaks are usually shifted in reference to the C Is peak at 285.0 eV.
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Figure 3.10: Survey spectrum of PET, showing various spectral features (64)
3.2.7.1 Background
In the spectrum a background can be observed. The number of counts attributed to the 
background increases with increasing binding energy. This is the inelastic scattering 
which was mentioned in section 3.1.1. After the photoemission of each electron there is 
a cumulative background signal associated with photoelectrons which have lost energy 
due to inelastic collisions in the solid, but that still have enough energy to overcome the 
work function of the surface and escape from the sample. This example sui*vey spectmm 
was obtained using a monochromated source. If it were not, there would be an added 
contribution to the background, of the Bremsstrahlung radiation. This is effectively 
removed by monochromation.
3.2.7.2 Auger Parameter
There are two types o f peaks which appear on the XPS spectrum. There are 
photoemission peaks and X-ray induced Auger electron emission peaks. It is possible to 
overcome the problems of charge referencing by the use of these Auger lines in 
association with the photoemission lines.
92
Chapter 3: Experimental Techniques and Details
The definition of an Auger parameter (a) is a well known approach in XPS and 
conventionally makes use of the most intense photoelectron (PE) and sharpest Auger 
electron (AE) lines discernible in the XPS spectrum. Numerically a  is defined as 
follows:
a  = kinetic energyAE + binding energypE - photon energy
This can be modified to exclude the photon energy to give;
a* = kinetic energyAE + binding energypE
If the three electron energy levels involved in the Auger transition are core-like (as 
opposed to valence-like) then the resulting Auger peak (and consequently the Auger 
parameter) contains valuable chemical information. Indeed in favourable cases there 
may also be structural and electron density information within this measurement. In the 
case o f silicon the usual approach is to combine the Si 2p with a Si KLL excited by the 
Bremstrahlung radiation from the usual twin anode employed in XPS, this can provide a 
measurement which is insensitive to electrostatic charging and thus alleviates the 
problems of charge referenceing on insulating samples. The cross section and 
resolution of the Si 2p is poor, and is an umesolved doublet. For this reason the Si Is is 
preferred. It is possible to obtain the Si Is photoemission line by use of high energy X- 
ray sources, such as synchrotron radiation.
In a study carried out using an Ag L a  X-ray source to obtain the Si 1 s - Si KLL Auger 
parameter, differences were found between a hydrolysed layer of organosilane on the 
gold substrate, and the same silane adsorbed onto an aluminium substrate. This 
difference of -1  eV was attributed to the interaction of the silicon head with the 
aluminium substrate. The Auger parameter reflects the degree of polarizability of the 
element under study, and also a high Auger parameter indicates a high degree of 
covalent character (103).
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3.2.T.3 Valence Band
The final feature to be noted from the survey spectrum of PET is observed at low 
binding energies. The low intensity features seen between 0 and 30 eV are due to the 
photoemission of valence electrons. The valence band electrons are directly involved in 
bond formation, so the intensity and energy of the valance peaks depends upon their 
bonding enviromnent. Valence band analysis can provide electronic stiiicture 
information, which cannot be obtained from typical core level analysis, and sometimes 
structural information can be extracted. Examples of valence band spectra are presented 
in section 2.3.5.3.
3.2.7,4 Peak Fitting
More information can be gained from the shape o f the high resolution spectra. Figure 
3.11 shows the high resolution C Is spectrum obtained from PET. The peak shape 
suggests that the spectrum is composed of a number of singlets, each conesponding to a 
slightly different chemical environment of the C atoms in the molecule. The three major 
components of this peak are identified in relation to the PET molecule (Figure 3.12).
14 C Is
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Shake up satellite
2 9 0Binding Bnergy [tsV] 2 8 5
Figure 3.11: High resolution C Is spectrum from PET, showing peak components and shake-up
satellite (64)
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It was at one time believed that the 
 ^ different hybridisations of carbon when
bound to itself and/or hydrogen would
I Q  I f ) give rise to the unshifted value for C Is
Figure 3.12: PET molecule. The «umbers 285.0 eV. However, it is now widely
correspond to the components of the C Is accepted that the unsubstituted aromaticpeak shown in Figure 3.11 (64)
carbon atoms have a slightly lower 
binding energy of 284.7 eV. Thus the peak corresponding to the aromatic hydrocarbons 
is at 284.7 eV for PET.
To identify the components within a peak, the high resolution spectrum must be peak 
fitted. To do this, the background is removed by an appropriate fitting function, which 
at its simplest could be a linear background, based upon a line drawn between the last 
and the first set of points. Ease of computation makes the use of a non-linear 
background, based upon the S-type background introduced by Shirley, a popular choice 
and the choice of many standard software packages. This has the advantage of being 
relatively insensitive to integration points.
There are five parameters describing each component of the naiTow scan. These aie the 
peak height, H; the peak centre, Eo; full width half maximum, FWHM; the Gaussian- 
Lorentz ratio mixing, m; and a parameter for assymmetry, A.
3.2.7.S Shake-up Satellite
As well as the peaks for each major type of carbon species in the PET molecule, another 
feature is apparent at the high binding energy side of the peak. This feature is loiown as 
the shake-up satellite. These occur when the outgoing photoelectron simultaneously 
interacts with a valence electron and excites it to a higher energy level. The energy of 
the core electron is then reduced slightly producing the satellite structure observed at the 
higher binding energy side o f the peak. In the case of PET, this satellite is cause by the 
bonding to anti-bonding transitions of the tc molecular orbital electrons {n-^n  
transition) in the aromatic ring.
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An important consequence of the shake-up satellites is their effect on quantification due 
to an effective loss in intensity from the main pealc. In the case of non-aromatic 
polymers the 7r->7i* transition for the C Is core level may be impossible to detect 
directly, and may lead to a possible 13% underestimation (depending upon the groups 
involved), at least half of which can be attributed to the shake-up. Complications also 
occur in the O Is spectra. For example, in the O Is spectrum of carboxyl containing 
polymers, the C=0 component is much less intense than the C-O component (64).
3.2.7.6 Quantification
Quantitative information can be obtained from the ratio of the area under the peaks. 
This means that the background utilised in this also is of great importance. Again, an S- 
shaped background is generally used due to ease of calculation on most data systems. 
All quantification is quoted as an atomic fraction of the total number of atoms detected. 
This can be achieved by using relative sensitivity factors with one elemental peak taken 
as the standard to which other peaks are referred.
The intensity (I) of a photoelectron peak from a homogeneous solid can be given, in a 
very simplified form by:
1= JpaKA....(3.5)
Where J is the photon flux; p is the concentration of the atom or ion in the solid; a  is the 
cross-section for the photoelectron production (dependent upon the element and energy 
used); K is term which covers instrumental factors such as detector efficiency; and X is 
the inelastic mean free path. Although this equation can be used for direct 
quantification, it is more usual to adopt an instrumental atomic sensitivity factor F, 
which includes À,, K and cj. Assuming that the X-ray flux remains constant, the atomic 
percentage of the elements concerned can be expressed as follows:
[A] atomic % = {(Ia/Fa)/E(I/F)} x  100...(3.6)
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One of the assumptions of this method is that the specimen is homogeneous within the 
sampling depth of analysis. Despite this, the above method is extremely valuable for 
comparing similar specimens.
3.2,8 Summary
The basic theories, experimental details, and interpretation of XPS have been described 
as they relate to the work carried out in this thesis. XPS can provide much information 
on the chemistry o f the surface, and a knowledge of the spectral interpretation is 
essential for making the most use of this teclmique.
The XPS of polymers has long been established, however, the high resolution 
monochromated XPS is a more recent development for polymers, as they have 
previously been restricted by problems of charge neutralisation. These problems were 
overcome to a large extent by the work carried out by Beamson et al. (64), but more 
recent advances in instrumentation have led to the improved resolution and line widths 
of the spectra presented within this thesis.
XPS is particularly suited to the elucidation of the orientation of adsorbing molecules 
and overlayer thickness, such as those investigated in the current work, by using angle- 
resolved techniques. These again benefit fiom the use of a monochromatic source, and 
an effective charge neutralisation system.
3.3 TIME-OF-FLIGHT SECONDARY ION MASS SPECTROMETRY (ToF- 
SIMS)
3.3.1 Introduction
Amongst the techniques of bulk chemical characterisation, mass spectrometiy has been 
paiticularly successful over the past three or four decades. Its ability to provide
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information on the elemental composition and detailed chemical structure information 
has been the source of its success.
The demand for very high elemental sensitivities, down to parts per million, and the 
requirement for surface analysis, led to the development of secondary ion mass 
spectrometry (SIMS). This technique has the potential to supply the demand for 
sensitivity and also to overcome some of the limitations of electron spectroscopy.
From ToF-SIMS analysis it is possible to elucidate the nature of adsorption onto a 
substrate, and to identify specific bonds.
3.3.2 The SIMS Effect
SIMS involves the bombardment of the surface with a high-energy ion beam, causing 
material to be sputtered from the surface into the vacuum. The fragments emitted can be 
electrons; neutral species, atoms and molecules; atomic or cluster ions, most of which 
are neutral, although some carry either a positive or negative charge. These charged 
fragments are extracted into a mass spectrometer and the positive and negative spectra 
are collected sequentially.
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Figure 3.13: The SIMS experiment (100)
Figure 3.13 shows the basis of the 
mechanism of SIMS. The energy of the 
primary beam is transferred to the atoms 
in the solid by collision. A cascade of 
collisions occurs between the atoms in 
the solid; some collisions return to the 
surface and result in the emission of 
atoms and cluster atoms, some of which 
are ionised in the course of leaving the 
surface and it is these which are 
analysed. The fact that ionisation 
coincides with sputtering causes
98
Chapter 3: Experimental Techniques and Details
considerable problems with quantifying the data, and can also cause considerable 
damage to the surface, although this can be overcome by the use of the static SIMS 
technique.
There are two distinct modes of operation and which are dynamic and static SIMS. In 
dynamic SIMS a high flux of primary ions are directed at the surface in order to obtain a 
very high yield of secondary ions, which are usually elemental (atomic) ions. Using this 
mode it is possible to examine how the composition changes with depth. This is a very 
useful tool Imown as depth profiling, but it is not surface sensitive.
For surface analysis considerations, static SIMS is a much more powerful application. 
In this mode, the primary bombarding beam density is reduced to a very low level, so 
that secondary ions are emitted from areas not previously damaged, and yet retains high 
sensitivity, and the surface lifetime should exceed the time required for analysis. The 
primary ion beam must be of low current density (approx. 1 nA cm'^) in order to 
eliminate sample damage during spectral acquisition. This can be achieved by either 
using a large diameter defocused beam or by rastering a focused beam over the surface. 
The importance of static SIMS for surface analysis lies in its ability to offer information 
on the surface chemistry of a material, and this is due to the surface mass spectrum 
including cluster ions as well as elemental ions. Maximum dose of ions into the surface 
for static SIMS is lO'^ ions cm"  ^per analysis. This is loiown as the static limit.
3.3.3 SIMS Sampling Depth
The depth of SIMS analysis is particularly difficult to measure experimentally. 
However, it is very clear that the sampling depth of static SIMS is significantly lower 
than for XPS under normal operating conditions. From some practical observations, the 
depth of analysis has been estimated to be in the order of Inm (89). It is also generally 
believed that the emission of large molecular fragments is mainly from the upper 
monolayer, as opposed to atomic ions, which can come from a much greater emission 
depth, which is comparable to that of XPS. SSIMS for fragment ions (not elemental 
ions) is generally thought to be approximately the same as the analysis earned out for 
XPS at 0 = 15° (i.e. 1-2 nm).
99
Chapter 3: Experimental Techniques and Details
3.3.4 Instrumentation
a Ion gun Energy fHlnrfille
j Sample
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spectrum
Figure 3.14: A schematic representation of a 
SIMS instrument (100)
The basic aiTangement of the SIMS 
experiment is shown in Figure 3.14. The 
main components of such an experiment 
are: the primary particle source, the mass 
spectrometer, and an ion optical system, 
which will select ions within a defined 
energy band compatible with the 
capability of the mass analyser.
3.3.4.1 Primary beams
A time-ofifiight (ToF) analyser requires a pulsed primary beam. There is a range of
possible primary beam sources capable o f producing this, which include: electron
bombardment, plasma, surface ionisation and field ionisation. The final choice of source
will have an effect on spatial resolution, 
— , ,— , ease of use, sensitivity, performance on
insulating materials, and beam induced 
damage.
The basic components of most types of
ion beam source (Figure 3.15) are: the
source region, or extraction zone; 
focussing and collimating regions, a 
mass filter (Wien) for beam purification; 
for ToF systems a pulsing mechanism; stigmation/focussing lenses; and scan rods. 
Sometimes a monoisotopic source is used, which eliminates the need for the mass filter.
In static SIMS the beam is rastered across the surface region of interest. This enables 
sensitivity to be maximised by matching the analysed area to the field of view of the 
collection optics of the analyser.
©
Ught
Figure 3.15: Operation of a Wien filter for 
mass selected ion beam (100)
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The brightest sources used for surface mass spectrometry are field ionisation sources, 
which also produce the highest spatial resolution. Such sources are based upon the 
principle of stripping electrons from source atoms situated near to an extremely high 
electronic field. A liquid metal produces the most common form of field ionisation 
soui*ce. The source energy (10-20 kV) is produced by a thin skin of liquid metal flowing
over a fine tungsten tip (~5 pm), in a 
region of very high extraction field (~10^ 
V cm'*). Opposing electrostatic and 
surface tension forces has the effect of 
distorting the skin towards the exit ring 
and setting up a cone and ball (radius of 
curvature ~2 pm) structure of liquid 
metal on the probe tip (Taylor cone).
Liquid film
Needle
Taylor cone
EKlractor
Figure 3.16: Principle of a liquid metal ion 
source: close up of extraction (100)
Primary ions of the metal are stripped away from the ball. (Figure 3.16). The source 
brightness is very high, at -10^ A cm'^ s r '\  but the energy spread is large and depends 
upon the extractor current. The optimum spatial resolution can be achieved by the 
lowest possible ion current and at high extraction voltage.
The most commonly used liquid ion metal source is based upon liquid gallium, which 
works by field ionising Ga^ from a tungsten tip, which produces a very bright and 
highly focusable beam. Although spatial resolution of 20-200 nm have been produced, 
it is extremely difficult to keep the static conditions when these limits are being 
achieved. On the VG Scientific ToF-SIMS instrument in static mode, the metal ion gun, 
has a spatial resolution of 200nm, but on pulsing this reduces to -1pm . Gallium has two 
isotopes, *^ G^a (60.1%) and ^*Ga (39.9%), and early liquid metal ion sources therefore 
required a mass separation stage in the gun column (Wien filter). Later designs use 
isotopically separated ^^Ga, which avoids this problem.
3.3.4.2 Mass analysers
The choice of mass analyser depends upon which mode of SIMS is being employed. For 
static SIMS it is necessary to maximise the information obtained, whilst minimising the
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surface damage. The analysis and detection systems need to be as efficient as possible 
for the total yield of secondary ions from the surface.
The three most widely used mass analysers aie the quadrupole RF mass filter, the 
magnetic sector and the time-of-flight instrument. The advantage of the quadrupole 
systems is that its small size allows it to be easily incorporated into the UHV system. 
However, it is a very low tiansmission device (-1%). Also it is a scanning instrument, 
therefore only allowing the sequential transmission of ions, with all other ions being 
discarded. ToF analysers offer the advantage of a very high transmission and there is no 
discrimination against higher masses. A ToF analyser is 10"* more sensitive than the 
quadrupole analyser, and parallel detection means that the surface is not altered during 
the analysis.
In ToF analysis, pulses o f secondary ions are accelerated to a given potential, such that 
all ions possess the same kinetic energy. They are then allowed to drift through a field 
free space before strildng the detector. The analysis works according to the equation of 
kinetic energy, which illustrates that the heavier masses travel more slowly through the 
flight tube. This means that the measured flight time, t, of ions of mass-to-charge ratio, 
m/z, accelerated by a potential V down a flight path of length L provides a simple 
means of mass analysis according to the following equation:
The ToF method of analysis therefore requires accurate timing of the flight times of all 
the ions to the detector, and a mass spectrum is produced from the time spectrum. The 
mass resolution depends upon the pulse length of the secondary ion pulse, which should 
be precise and short. This in turn depends upon the pulse length of the primary ion 
beam, which is typically in the order of nanoseconds.
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Figure 3.17: Cross section of Poschenreider analyser
An inherent problem with a ToF analyser is that because it has an initial energy spread, 
there will be a range of times (of singly charged secondary ions) for any given mass. A 
Poschenreider analyser aims to overcome this problem by the use of a toroidal electric 
field interposed between two linear drift tubes (Figure 3.17). In this way, the secondary 
ions are made to follow curved paths, which are longer for the more energetic ions, thus 
compensating for the initial energy variation. In the Reftectron analyser, use of an ion 
mirror achieves much the same effect. Its design makes it capable o f maintaining a 
improved mass resolution at higher masses than the Poschenreider. All o f the ToF- 
SIMS data presented in this thesis were obtained from a Poschenreider energy 
compensated ToF-SIMS spectrometer.
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Detection is usually by single particle counting using a microchannel plate detector. The 
surface of this flat plate device contains a multitude of miniature channel electron 
multipliers. In some cases the heaviest ions travel so slowly that they do not register 
impact on the detector. This has been overcome by the introduction of an accelerating 
voltage immediately prior to detection.
3.3.5 Sample damage
As has already been stated, the least damage can be imparted to the surface by using 
static conditions for SIMS. However, even in this case, the processes leading to 
secondary ion formation ar e still essentially destructive, and with the absence of rapid 
repair mechanisms, the surface will be progressively destroyed, and the spectrum will 
reflect the changes in structure. The important parameter is therefore the primary 
particle dose required for acquisition of the spectrum. As the majority of SIMS data 
refers to the ion bombardment, the ion dose is generally considered as the important 
pai'ameter. The ion dose limit for a polymer is 10*^  ions cm'^. In practise, doses of 10*^  
ions cm'^ are preferable to accommodate the fact that some materials are more damage 
prone than others. The basis of static SIMS envisages that the same point on the surface 
is only hit once, as the beam is rastered across the surface.
With ToF-SIMS instruments, spectra with superior signal to noise ratio, and high mass 
ranges {m/z >10000) can be obtained for doses o f -10'** ions cm'*, thus damage can be 
safely avoided. Damage is a much more serious issue, however, when imaging at high 
magnification. A parameter, w, which usefully describes the minimum width which can 
be imaged for a material in order to avoid damage. This parameter can be calculated 
from the minimum average number of counts per pixel in the image (n), the total 
number of pixels (p), the total primary ion dose (in ions cm '^), and the useful ion yield
(y).
w
\Q^{np)
K ...(3.8)
104
Chapter 3: Experimental Techniques and Details
I
104
I
149
193
0
Figure 3.18: Variation of signal for some PET 
cluster ions with primary ion dose (104)
In a study of the role of primary particle 
charge on the generation of surface 
damage in PET, a comparison of three 
characteristic secondary ions, m/z -  104, 
149 and 193 (the pseudo-molecular ion) 
as a function of primary ion dose is 
presented (Figure 3.18). It can be seen 
that under atom bombardment there is a 
dramatic fall in the intensities of all of 
the significant secondary ions (104).
3.3.6 Sample Charging
too
eo-
40 .
2 0 -
100 120
The utilisation of using a positively 
chai'ged beam as the probe species may 
cause positive charging at the surface of 
a poorly conducting sample, such as a 
polymer, due to the injection of positive 
ions. Figure 3.19 shows the rise in 
suiface potential with time of an 
arbitrary insulator under four different 
primaiy beams having the same beam 
flux (6.2x10^ particle s'^). It was found 
that the rate of rise was doubled if the 
beam flux was doubled, which indicates 
that the charging was almost entirely 
due to incoming positive ions. In the case of SIMS this charging results in spectral loss 
or instability, due to the positive ions being given further energy, accelerating them 
beyond the acceptance of the analyser, or suppressing the emission of negative ions 
(87).
A solution to this may be to flood the surface with low energy electrons, but 
stabilisation of the surface charge is not easy. A carefully balanced electron beam will
Figure 3.19: The variation of surface potential 
(vt, volts) of an insulating sample as a function 
of the bombardment time under different 
primary particle beams. The beam flux is the 
same in each case and is equivalent to InA or 
6.2X10‘® particles s '. A, lOkeV Ga ;^ +, 2keV 
Ar ; ,2keV Ar®; X a mixture of 2keV Ar  ^and 
Ar°. (100)
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compensate for some of the excess positive surface potential, however, excess negative 
electrons will make the surface potential become negative and the positive signal may 
be lost. Although the use of a flood gun in this way is often a suitable method of charge 
neutralisation, it can sometimes produce problems such as electron-simulated ion 
emission, which is particularly common when attempting to analyse polymers.
In a ToF instrument, the ions arising from electron induced ion emission can be avoided 
by pulsing the ion beam. After a primaiy ion pulse the extraction field is reduced to zero 
volts and a long pulse of low energy electrons is directed at the sample. After this pulse, 
a short delay before raising the extraction for the next primary ion pulse avoids the 
possibility of extracting any ions arising from electron induced emission into the 
spectrometer. Although in principle only very low energy electrons should be required 
to provide charge compensation, in practice it is often necessary to increase the energy, 
especially for negative ion mode. This is achievable by increasing the energy of the 
source, or by biasing the sample during the electron pulse.
It has also been documented that placing a metal grid or mesh over the sample and 
rastering the primary beam within a hole in the mesh, helps to maintain the surface at 
the appropriate surface potential (89).
3.3.7 Secondary ion formation from polymers
For linear or branched polymers there are four types of secondary ions can be observed. 
Firstly those which represent one or more repeat unit. These may be intact, or slightly 
rearranged to achieve stability, but in either case a sequence of ions separated by the 
mass of the repeat unit may be observed. The second group are derived ft om the repeat 
unit by simple processes, for example the breaking of a single side chain bond, and 
which are still highly characteristic of the specific polymer. The third group consists of 
low mass fragments which are not structurally specific and which include atomic 
species and simple combinations. The fourth group consists of fragments, which occur 
over the whole mass range, resulting from processes that lead to ions which have 
practically no link with the original polymer structure.
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3.3.8 Imaging SIMS
Rastering the ion beam with the mass spectrometer set to detect certain masses offers 
the possibility of mapping the distribution of secondary ions. A mapping of the 
distribution o f surface elements can also be obtained by using an unscanned primary ion 
beam and a mass spectrometer with an ion optical arrangement such that the positional 
sense of the ions is retained throughout the mass analysis process.
Liquid metal ion beams can be operated with beam diameters at the sample down to 
50nm, although more usually, the range is 200nm - 1pm. The beam is digitally rastered 
across the surface with a selectable number o f pixels in the image (e.g.256 x 256). At 
each pixel point, it is possible to collect ions of a specific mass, or mass range. 
Elemental and chemical state images can then be generated of the area of interest.
While it is preferable to achieve the highest spatial resolution possible, this must be 
traded off against the difficulty of maintaining static conditions with increasing 
magnification. As magnification increases, the number of atoms or molecules in a pixel 
area decreases. This means that if  the transmission of the instrument, sputter yield and 
the ionisation probability are considered, and assuming that at least 10 secondary ions 
are required per pixel, then static SIMS analysis below 1 pm^ is not really possible. The 
secondary ion yield must be dramatically increased, to increase the possibilities of 
improved spatial resolution. This is particularly a problem with quadrupole SIMS 
imaging.
3.3.9 Summary
ToF-SIMS is a very useful surface analysis technique for the analysis of polymers, if  the 
conditions for static analysis are maintained. In adsorption studies ToF-SIMS can 
provide answers to the type of adsorption (molecular or dissociative), the surface 
coverage of the adsorbate, the chemical structure of the adsorbate and the interactions 
between adsorbate molecules. SIMS mapping can also give answers to the distribution 
o f the adsorbate on the surface.
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If the conditions of analysis are correct, and especially if a ToF analyser is used to 
technique does not destroy the information of delicate structuie on the surface. High 
resolution ToF-SIMS allows adsorbate/substrate bonds to be unambiguously assigned, 
and thus is an extremely powerful tool.
One of the main problems associated with ToF-SIMS of polymer substrates, as with 
XPS, is the requirement for charge compensation. This is not always easy to overcome, 
but it is possible to achieve good quality positive and negative spectra from a polymer 
surface.
It was decided to use ToF-SIMS in the investigation organosilanes on low energy 
substrates because of its chemical specificity. It was anticipated that ToF-SIMS would 
be able to characterise the molecular structure and specific bonding o f the adsorbed 
silane on the polymeric substrate, and this information could be used, combined with 
XPS data, to establish the interaction of organosilanes with the polymer surface.
3.4 THERMODYNAMIC STUDIES OF POLYMER SURFACES
3.4.1 Introduction
The eventual outcome of the application of surface thermodynamics is to predict the 
thermodynamic work of adhesion from constants which characterise each independent 
material. The chaiacterisation of the thermodynamic surfaces can be used to quantify 
differences, for example the modification of the surface by corona discharge treatment.
In order for two surfaces to interact they must be brought into close contact with each 
other. The interactions which will then take place, depends upon the nature of the two 
surfaces. Polymer surfaces usually have very low surface energy compared to those of 
metal surfaces, typically <100 mJ m" ,^ as opposed to >500 mJ m’^ . The types of 
attractive forces available for both cohesion and adhesion are typically only van der 
Waals (dispersion) and Lewis acid-base (electron donor-acceptor forces). The 
dispersion forces are predominant within homogeneous condensed phases and across
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interfaces in a two-phase system. For example, the dispersion forces in the surface 
tension of water (yj) is 30%, with H-bonding accounting for 70%. Most polymers are 
Lewis acids or bases or both. For example, polyesters contain basic oxygens in the ester 
linkage as well as acidic carboxylic acid and alcohol end groups (105).
The measurement of contact angles and the subsequent calculation of surface energies is 
an extremely surface sensitive technique, as it deals with the short range interactions, 
such as hydrogen and acid-base bonds. The range of these forces is nanometres, thus 
analysis of the contact angle can be used to investigate the changes taking place at the 
very surface during a surface treatment, such as corona discharge treatment.
The following section aims to describe the basic theories of wetting and spreading of a 
liquid onto the surface of a solid, and includes a brief description of methods of 
measuring contact angles and the problems of contact angle hysteresis.
3.4.2 Wetting and Spreading
One of the primary characteristics of any two immiscible two- or three-phase system 
containing two condensed phase, at least one of which is a liquid, is the contact angle of 
the liquid on the other condensed phases.
When drop of liquid is placed onto a 
solid surface it will modify its shape as 
an effect of the surface/interfacial 
tensions to which it is subjected, until it 
reaches equilibrium. The liquid will 
either spread across the surface to form a
(a) (b) (c)
Figure 3.20; Schematic illustration of the 
various degrees of wetting: a) complete 
wetting; b) partial wetting; and c) complete 
non-wetting (105)
thin uniform layer (Figure 3.20a), or it will spread to a certain extent, but remain as a 
discrete drop on the surface. The final condition of the applied liquid on the surface is 
taken as an indication of the wettability of the surface by the liquid. The quantitative 
measure of the wetting process is taken to be the contact angle, 0, which the drop makes 
with the solid as measured through the liquid in question. (Figure 3.20b).
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Figure 3.21: The contact angle 9 resulting from surface and interfacial forces in equilibrium (106)
An expression for 0 can be obtained by the horizontal resolution of forces in the form of 
the Young equation (Figure 3.21);
Hence:
Y sv - Ysl  =  Ylv  c o s  0...(3.9)
cos = (ysv - Ys l ) /  Yl v  . . .  ( 3 . 1 0 )
The thermodynamic work of adhesion, Wsl, at a solid (S) - liquid (L) interface is the 
reversible Helmholtz free energy change per unit area of interface. It is the sum of 
various types of forces per unit area:
Wsl -  Wsl .(3.11)
Similarly, the work of cohesion within each condensed phase can be separated into 
additive free energies or surface tensions (e.g. Yl = Yl^  + Yi/’^  where d = dispersion and 
ab = acid-base).
A term known as the equilibrium spreading pressure. Tie should be added to the Young 
equation, to take into account the reduction of the free energy of the solid by the 
adsorption of the vapour of the liquid. Equation 3.10 would then become:
Ysv -  Ysl  -  =  Ylv  c o s  6>...(3.12)
However, the value for Tie on polymers is very small and is usually neglected.
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Combining Equations 3.10 and 3.12 leads to:
W sl‘“ ' = yL(l+cos 0) =  W sl" + W sl‘"’...(3.13)
Fowkes showed that the dispersion term ys'*, can be calculated from yt'' and a geometric 
mean expression:
WsL" = 2 (y s V ) '" - .(3 .I4 )
It is important to be able to predict the values of Wsl*  at a solid-liquid interface, as they 
relate to adhesion.
A saturated hydrocarbon (c) can be characterised solely by a dispersion term, which 
means that when it is in contact with the water, the only interaction will be the 
dispersion forces. The Good-Girifalco equation can then be used to express the 
interfacial tension at the water-hydrocarbon interface:
T c  = rc+r„, - 2(r,r°)nc ...(3.15)
If the equilibrium spreading pressure is the neglected, equation (3.15) can be combined 
with the Young equation (3.10) to give:
;k^ (1 + cos^) = 2(/";k,)2K ...(3.16)
This allows the solid surface tension (Ys) to be calculated from the contact angle of 
water. K is known as the interaction parameter and is characteristic of a given system.
A geometrical mean approach, suggested by Owens and Wendt, extended this equation 
to include the polar component (P), which includes hydrogen bonding and interactions 
between permanent dipoles:
A, = r ,+ r / - 2(r fr ®)2 -2(r,'V;’)2K ..,(3,17)
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The two miknown solid surface tension components can be calculated by measuring the 
equilibrium contact angles of at least two liquids on the surface, with loiown surface 
energies (105).
The correct choice of liquids is of vital importance. If the polarity of the liquids is 
similar, then small errors in the input data will lead to large errors in the results. The 
best results can be obtained by using many liquids and obtaining a simultaneous best-fit 
solution. Three liquids is the absolute minimum number of liquids required to obtain 
contact angle data from. Examples of such liquids which are used in the work in this 
thesis are: water; ethane-1,2-diol; formamide; and di-iodomethane.
3.4.5 Measurement of Contact Angles
There aie three common methods of measuring the contact angle, and these are: sessile 
drop, Wilhelmy plate, and the captive bubble technique. In the sessile drop method, a 
droplet of purified liquid is placed onto the surface by means o f a pipette, or 
microsyringe, thus ensuring that the volume is constant. The droplet can then be 
observed, conventionally by a low magnification microscope fitted with a goniometer
eyepiece, or by the use of a video 
contact analyser (VGA). The latter 
uses a digital camera to image the 
droplet on the surface, and a software 
package can then be used to measure 
the contact angle, either manually, or 
automatically. Contact angle hysteresis 
can be measured by increasing or 
decreasing the drop volume until a 
thice-phase boundary moves over the 
solid surface (Figure 3.22) (106).
Figure 3.22: Schematic of sessile drop 
experiment, showing the practical 
manifestation of contact angle hysteresis as a 
volume of drop is increased (0a) and reduced 
(O r) (106)
If the contact angle has been measured by the sessile drop method, it is referred to as the 
static, as opposed to the dynamic contact angle, which is measured, for example, using
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the Wilhelmy plate method. If the surface shows contact angle hysteresis, the static 
angle should be quoted with extreme care, as it may bear no more information than any 
of the other allowed values between the advancing and receding angles (see section on 
contact angle hysteresis).
The captive bubble technique involves an air or liquid drop on the sample surface 
immersed in a liquid medium by means of a U-shaped needle. Advancing and receding 
contact angles can then be measured as in the sessile drop technique.
The Wilhelmy plate method measures the dynamic contact angle. The advancing and 
receding contact angles are calculated from the force exerted as the sample is immersed 
or withdrawn from a liquid. The main advantages of this method are the ability to 
control interfacial velocity, and the fact that measurements can also be obtained from 
small diameter fibres. The disadvantages, however, for analysis of treated polymer films 
lies in the simplistic software routines used by manufacturers, and the requirement that 
both surfaces are identical.
3.4.6 Contact angle hysteresis
In practise, the measurement of the contact angle presents some problems. The biggest 
is the phenomenon of contact angle hysteresis, which causes the solid surface to exhibit 
a range of contact angles. The range of contact angles is defined by the advancing 
(maximum) and the receding (minimum) contact angles. There are two types of 
hysteresis, one caused by thermodynamics and the other by Idnetics.
Thermodynamic hysteresis is caused by the non-ideal nature of real suiTaces. Implicit in 
the Young equation is that surfaces must be homogeneous and smooth, and the liquid- 
solid interaction should not result in swelling of the solid, liquid penetration, or liquid 
induced suiface restructuring or defomiation. In most cases, real surfaces do not fit 
these assumptions, and the liquid is not defined solely by its interfacial tension 
parameters, nor does the surface interact with only interfacial energetics.
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It is therefore possible to modify the Young equation to take into account such features 
as the surface roughness using the Wenzel (Equation 3.18) equation, and chemical 
homogeneities using the Cassie (Equation 3.19) equation for the equilibrium contact 
angle.
r(7s - Ysi) = yiv cos 0w...(3.18)
r = actual surface/geometric surface
cos 0c = Qi cos 0 1  + Q] cos 0 2 ...(3.19)
The effects of the non-ideal surface are such that they change the behaviour of the liquid 
with the surface, by hindering the droplet motion as illustrated in Figure 3.23.
apparent
a p p a r e n t
Figure 3.23: Illustration of various physical factors affecting the apparent contact angle of a liquid 
on a solid surface: a) "true" contact angle on a flat, homogeneous surface, 6( ; b) apparent contact 
angle on a rough surface, 8appareni; c) apparent contact angle on a composite surface where 0, >
0apparent>02 ( 1 0 5 )
It is also possible to observe time dependent liquid-solid interactions, which can be 
referred to as kinetic hysteresis. An example of this is the water wettability of 
poly(hydroxyethylmethacrylate). A large hysteresis and a high advancing angle were 
observed (106). The reason for this behaviour was attributed to structural changes at the 
gel-air phase boundary, the hydrophilic groups being buried in the aqueous phase within 
the gel when the surface was exposed to the environment, but were able to reorientate 
quickly in a water environment.
Swelling and water penetration can also be a cause of kinetic hysteresis. Changing the 
measurement time will reveal if these effects are a problem. Another observed time 
effect is that attributed to the adsorption of surface-active impurities at the three-phase 
boundary.
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3.4.7 Summary
While the contact angle of a liquid on a solid may be considered the characteristic of the 
system, that will be true only if  the angle is measured under specific conditions of 
equilibrium, time, temperature and component purity. The technique of measuring the 
contact angle is a very easy method, as it requires low cost equipment and is relatively 
simple to obtain the data, although if the proper precautions are not taken, then they can 
be misleading (105).
In Chapter 8, surface energies were measured for polymer films before and after surface 
treatment, which is an industrially accepted way of establishing levels of corona 
treatment. By the use of several polai' liquids, the polar and dispersive components of 
the surface energies can also be calculated, and these can subsequently be related to data 
from other surface analysis techniques (XPS and ToF-SIMS) in order to identify the 
chemical changes which are occurring on the film surface.
The sessile drop method was used to measure the contact angles, as again, the ease of 
this method makes it a popular* choice in industry to assess the extent of surface 
treatment experience by the polymer surface.
Despite the inherent problems with this method, it is still a useful teclinique for the 
investigation of the changes taking place on the polymer surface. It proved to be 
particularly useful in establishing changes in the surface with time. This was partly 
because the changes taking place were within an extremely short time (minutes) and the 
sessile drop method is very fast, so it is possible to measure the changes in contact angle 
on a shorter time scale than to measure chemical changes with XPS, for example. The 
other factor which makes this technique extremely useful as a complementary technique 
to XPS and ToF-SIMS, is that the analysis effectively monitors short range interactions, 
which are occurring within the first few nanometres of the surface. This range is even 
more surface specific than the most surface sensitive angle of analysis o f XPS, and so is 
likely to yield some added information which cannot be obtained from the other 
techniques.
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3.5 NMR SPECTROSCOPY
3.5.1 Introduction
As described in the literature review of hydrolysis and condensation, NMR 
spectroscopy, in particular ^^Si-NMR spectroscopy has been used to successfully study 
the structure of sols obtained by polycondensation of alkoxysilanes. As these 
mechanisms can also be applied to alkoxysilanes in solution, prior to application to the 
substrate, ^^Si-NMR spectroscopy is also a useful tool for studying alkoxysilanes as 
adhesion promoters.
This technique gives precise information concerning the first neighbours of silicon 
atoms (-OR, -OH, -OSi=) for which ten different species are possible for a trifunctional 
silicon. If the second nearest neighbour is considered then there aie ninety eight 
different Si possible, all of which could be experimentally observed.
The following outlines the theory behind NMR in general, which can also be applied to 
^^Si-NMR spectroscopy (107).
3.5.2 Theory
Atomic nuclei which have a spin quantum number I which is greater than zero, can talce 
up 21+1 orientations when placed in a magnetic field. It therefore follows from this that 
atomic nuclei which have I = V2 can talce up two possible orientations when placed in a 
magnetic field. These two orientations correspond to alignments with or against the 
magnetic field and are labelled +14 and -V2 respectively.
Figure 19 shows the spin states of a nucleus o f I = !4. When the system is at 
equilibrium, the lower energy state E| will have a slightly higher population, Ni than the 
upper level E2 (which has a population N2). The Boltzmann distribution is used to 
determine the distribution between Ei and E2 (Equation 3.20)
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Figure 3.24: Spin states of a nucleus of I = 14
Ni/Nz = e ...(3.20)
Where: AE = energy difference E2 -E1
k = Boltzmann constant
The energy difference, AE is proportional to the strength of an applied magnetic field 
Bo, according to Equation 3.21.
AE = hy Bo/271 ...(3.21)
Where: h = Planck’s Constant
Y = Gyromagnetic ratio (dependent upon nucleii)
Bo = magnetic field strength (dependent upon instrument)
The transition (or flipping) o f a nucleus between the two energies E; and E2 can be 
brought about by the absorption (or emission) of electromagnetic energy.
AE = hVo...(3.22)
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The frequency Voat which transitions occur is known as the Larmor Frequency and is 
typically within the radiofrequency range. The absorption of energy is known as 
resonance.
If all o f the above conditions are applied, i.e. there is a static magnetic field Bo, a 
nucleus of spin number I = and therefore two available energy states corresponding to 
El and E2 , then by scamiing through either Bo, or Vq an absorption spectrum of nuclei 
can be obtained. In a typical continuous wave experiment, the excitation frequency is 
swept through an appropriate range of frequencies.
For an absorption spectrum to be recorded, the population of Ni must be slightly higher 
than that of the higher level N2 . The energy difference AE, is relatively small and 
therefore the difference in population is also small (<1 in 10^) . This means that NMR 
spectroscopy is far less sensitive than some other techniques, e.g. UV/vis, in which both 
AE and AN are larger. It can be seen h*om equation 2 that any increase in Bo will 
produce an increase in AE and in instrument sensitivity, hence the development of high 
field magnets.
3.5.3 Pulsed Excitation and Fourier Transformation
In a continuous wave experiment, the technique of signal averaging can be used to 
enhance sensitivity, as the signal to noise ratio is proportional to the number of scans. 
The drawback of this technique is that extremely long run times are required.
Changing the radiofrequency to a short, high energy radiofiequency pulse means that 
excitation is not produced at one frequency but over a finite bandwidth of frquencies. If 
the pulse is short enough (<50 jasec) the bandwidth of excitiation can be sufficient to 
excite all the nucleii o f I = 14 in the sample. This technique is loiown as pulsed 
excitation and the response of the sample to the pulse is absorption of individual 
frequency components by each nucleus. The re-emission of these frequencies as the 
nuclei relax is observed by the receiver as the free induction decay (F.I.D) or 
interferogram.
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The F.I.D corresponding to absorption of one frequency can be seen in Figure 3.25a) as 
an exponentially decaying sine wave, the frequency of which is the difference between 
the centre frequency of the radiofrequency excitation pulse and the Larmor frequency of 
the nucleus.
For a one component system it is possible to convert the F.I.D to a spectrum as shown 
in Figure 3.25b). For a multi-component system, however, the F.I.D becomes much 
more complicated. Therefore, to extract spectral information from the F.I.D a Fourier 
Transformation must be performed. This is a technique which transforms data in the 
time-domain signal into a frequency-domain signal.
4  SECONDS
(a)
IRRADIATION (OHz FROM SIGNAL 1000 Hz SPECTRAL WIDTH
A A /V V V V V \/vx/vw '
(b)
Figure 3.25a) and b): F.I.D corresponding to absorption of one frequency
3.5.4 Chemical Shift
It can be seen from the spectrum of ethanol (Figure 3.26) that the three different 
types of proton present -C H 3 , -C H 2  and -OH each resonate at slightly different 
frequencies and are said to have a different chemical shift. Each proton is in a slightly 
different local magnetic field, which are caused by electron circulations about the 
nucleus by the applied field, therefore shielding the nucleus (Figure 3.27).
When the induced magnetic field Biocai is opposed to the applied field Bq, then the 
effective magnetic field is given by:
Beffective “  Bq - Biocal- ..(3.23)
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Figure 3.26: *H spectrum of ethanol
Direction of motion of 
the electron cloud 
induced by Bo
Figure 3.27: Shielding produced by electron 
circulations
In the case of sheilding, Beffective is less 
than Bo and the signal is moved to a 
lower chemical shift value.
The extent of shielding is proportional 
to the electron density around the 
nucleus, so the chemical shift therefore 
gives a good indication of the chemical 
type o f a nucleus.
Chemical shift values are not measured in absolute frequency units, as these would vary 
from one instrument to another. A reference compound is used and allocated a standard 
chemical shift. In *H and *^C-NMR tetramethylsilane (TMS) is now widely used and is 
allocated the chemical shift value of O.Oppm. The ppm value 5 represents the offset of 
any signal from the TMS as a ratio o f the spectrometer frequency.
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3.5.5 Peak Integration
The NMR integral shows the area under a curve and gives some idea about the number 
of nuclei producing that particular resonance. In Figure 3.26, the integral steps are in the 
ratio 1:2:3 which is consistent with the structure.
3.5.6 Multiplicity
The way in which a nucleus responds to the NMR experiment is dependent upon its 
local magnetic environment, and therefore the resonance of any nuclei attached to it will 
affect it. This effect is known as spin-spin splitting or spin-spin coupling.
To illustrate this, consider again the spectrum of ethanol in Figure 3.26. If each of 
the protons has a spin orientation designated by t ,  then the -CH2- protons have three 
possible orientations, which give rise to three possible local magnetic fields:
t t
a
The signal due to the -CH3 protons will therefore have a multiplicity of 3 and appear as 
a triplet.
This can be generally described by the following:
Multiplicity = 2uyly +1
This represents the multiplicity of a nucleus X split by a nucleus Y, where Uy = number 
of nuclei Y and ly = spin number of nuclei Y.
When the coupling nuclei has a spin number of I = as is the case for ^^SiNMR then 
the multiplicity can be determined easily from Pascal’s triangle:
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No of atoms coupling Splitting pattern
1
1 2 1 
1 3  3 1
1 4 6 4 1
This means that in the case of the -CH3 protons in the spectrum of ethanol, a triplet 
would be expected with the relative intensities 1:2:1. If the nuclei are in equivalent 
environments, then no spin-spin splitting will occur.
3.5.7 Instrumentation
An NMR spectrometer consists of a magnet which can produce a uniform intense field, 
and the appropriate sources of radio frequency electromagnetic radiation. In an advance 
instrument, a superconducting magnet capable of producing fields in the order o f 1OT 
and more are used (Figure 3.28).
Superconductingm agnet
Probe
Preamplifier
iPPmputer Recorder
Receiver Detector%
Transmitter
Radiofrequencyradiation
Figure 3.28: Example of a typical NMR instrument
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The sample is placed in the cylindrically wound magnet and is rotated around at 15 Hz. 
The spinning helps to remove the magnetic inhomogeneities and to ensure that all the 
magnetic nuclei experience the same average field. The superconducting magnet must 
be run at liquid helium temperature (4 K) but the sample can be at room temperature.
3.5.8 Summary
The NMR spectrum provides the following information:
1. Chemical shift which indicates the electron environment and hence chemical type
2. Integration, which indicates the number of nuclei
3. Spin-spin coupling which indicates the environment of nuclei with respect to its 
neighbouring nuclei
All the above information can be used to identify peaks obtained in the spectrum. The 
technique has been used extensively within the literature to characterise the behaviour 
of organosilanes within the solution. Although this review has dealt with NMR 
spectroscopy in general, the type of spectroscopy used can reveal different information 
about the chemistry of the molecules in solution. For example, *H-NMR spectroscopy 
will yield information about the hydrolysis of a silane molecule. Such reactions camiot 
be detected by ^^Si-NMR, but it does yield a wealth o f information regarding the 
condensation mechanism of the organosilane molecules. By far the most data published 
is using ^H-NMR, or ^^C-NMR spectroscopy as these have been available for much 
longer, and much less using ^^Si-NMR spectroscopy. The latter has been utilised in the 
NMR data presented in this thesis, in an attempt to characterise the condensation 
mechanisms of the particular organosilanes used.
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3.6 ATOMIC FORCE MICROSCOPY (AFM)
3.6.1 Introduction
Conventional microscopic techniques use waves of various descriptions combined with 
suitable imaging apparatus to create a two-dimensional image of certain properties, such 
as absorbency or reflectivity.
Atomic force microscopy (AFM) is a type o f scanning probe microscopy (SPM), which 
uses probes to scan the specimen surface to create a tluee-dimensional image.
The advantages of this technique to examine polymer films after they have been corona 
treated, as is its use in the current study, are that it can be used on a non-conducting 
surface like a polymer, and also that the resolution is significantly better than tecliniques 
such as scanning electron microscopy (SEM). AFM provides a digital 3-D image of the 
surface, and is able to do so without the requirement for vacuum systems. For more 
developed studies it is also possible to image the surface in a medium other than air, i.e. 
a gas or a liquid medium.
3.6.2 Modes of Operation
An atomic force microscope is a stylus type instrument, in which a shaip probe is 
rastered across the surface of the sample to detect changes in surface structure on an 
atomic scale. AFM measures the interaction force between the probe and surface 
structural features to reveal the surface topography in a very direct way.
A schematic diagram of AFM is shown in Figure 3.29. The cantilever of the AFM has a 
sharp force-sensing tip at its end, which interacts with the surface. As the interaction 
between the cantilever tip and the surface of the sample vaiies, deflections are 
produced, which are measured by the photodetector, and converted into a topographical 
image.
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Cantilever
Computer system
ProbePhotodetector
Laser
Sample
Piezoscanner
Figure 3.29: Schematic of AFM (107)
AFM has many modes of operation 
generally split into contact or non- 
contact. In the former, the tip actually 
touches the sample, and the repulsive 
forces are measured. In non-contact 
mode, the position of the cantilever is 
brought very close to the surface where 
the Van der Waals forces can be felt.
The tip is then vibrated at a known
frequency. The force between the tip and 
the surface will alter the spring constant 
of the cantilever, which alters its response to the applied vibration as its resonant 
frequency changes. The amplitude change is used to track the frequency change. In
order to maintain a constant surface to probe distance throughout the scan, the control
system adjusts the piezo height so that a constant amplitude vibration is achieved. Non- 
contact mode measures the attractive forces and the lateral force exerted during 
scanning is virtually zero. For this reason, for minimal damage to a soft surface, such as 
a polymer, non-contact mode is often the best method. If contact mode is employed, 
care must be taken to ensure that the surface of the sample if not damaged.
The analysis does not require UHV, although it is possible to create an environment, for 
example, aqueous, if it is required. Contaminants on the surface can exert a strong 
influence on the tip-surface interactions. For example, thin films of water on the surface 
can be the cause of attractive capillary forces. Operation in an aqueous environment can 
reduce some of the probe-sample interactions quite considerably.
An alternative method to immersion in an environment other than air, is the use of 
tapping mode. This is a combination of contact and non-contact mode, in which the 
amplitude of the oscillation of the cantilever is slightly larger, allowing it enough 
energy to push though the surface layer of water. When the sample approaches the 
vibrating tip they come into intermittent contact thereby lowering the vibrational 
amplitude. This drop in amplitude is used for the feedback. The advantages of this 
method are that the short tip-sample lateral force is greatly reduced, therefore
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minimising inelastic surface modification. High frequency of oscillation allows the tip 
to tap the surface many times within one diameter of the tip, thus ensuring the high 
lateral resolution (108).
3.6.3 Summary
AFM is a useful technique for monitoring the changes in the morphology of a surface 
with increasing levels of treatment. It is able to image features smaller than would be 
possible using conventional SEM techniques.
The AFM data presented in Chapter 8 o f this thesis, contact mode was used. The aim of 
using contact mode was to be able to obtain friction images which could yield 
information about phase changes on the surface. During this contact analysis, a soft tip 
was used to minimise the surface damage, and the effect of the contact of the tip was 
investigated, by means of scanning at a higher energy, and seeing if there was any 
difference between the area which had been previously analysed. There was no apparent 
damage, although it is conceded that tapping mode may have been the more appropriate 
choice of analysis mode.
3,7 EXPERIMENTAL DETAILS
3.7.1 Introduction
The previous sections of this chapter have introduced the theories and instrumentation 
o f the techniques employed within this study, in a general way. The following section 
describes the specific details of the instrumentation used to obtain the results presented 
within this thesis. Details of the materials used and the experimental details are also 
included.
3.7.2 X-Ray Photoelectron Spectroscopy (XPS)
XPS analysis was carried out on two spectrometers. Most of the early work was carried 
out on a VG Scientific ESCALAB Midi spectrometer, this was analysed in the constant
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analyser energy mode using 50eV for survey spectra and usually 20 eV for high 
resolution spectra. Aluminium K a (1486.6 eV) radiation was used (anode power = 300 
W).
The other spectrometer used was a Kratos Axis Ultra spectrometer. The instrument is 
equipped with a spherical mirror analyser, an integral automatic charge neutraliser and a 
magnetic lens. Analysis was in the constant analyser energy mode using a 160eV pass 
energy for survey spectra and usually 20eV for high resolution spectra. Monochi'omated 
aluminium radiation was used and the XPS peak areas were measured and quantified 
using the manufacturers Vision Datasystem quantification software.
In both cases, the analyser chamber pressure remained below lO'^mbai' during analysis. 
All of the samples under consideration required charge compensation.
3.7.3 Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
ToF-SIMS analyses were made using a VG lonex type 23 mass spectrometer fitted with 
a Poschenreider Time of Flight analyser and a 30 keV MIG300PB pulsed gallium liquid 
metal gun. Data was acquired using a Kore TDC, and a PC based system with 
GRAMS/386 software was used for data processing. The conditions used for analysis 
mean that the total ion dose was well below that required for static SIMS, i.e. 10^  ^ ion 
cm‘^ . Typical operating conditions aie summarised in Table 3.2.
Primary beam 20 kV ions
Specimen current 2 iiA
Pulse width 20-30 ns
Number of cycles 2 x 1 0 ''
Magnification x200
Total ion dose ~10 '^  ^ions cm'^ analysis''
Table 3.2: Typical operating conditions for Poschenreider ToF-SIMS
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3.7.4 Method of Discharge Treatment
Corona discharge treatment was carried out on a Sherman GXIO Corona Treater 
manufactured by Sherman Treaters, Thame, Oxon.
The two variables, which can be changed on the corona treater, are the power of the 
treatment and the speed of the treatment. Both o f these can be converted into a value 
called "Energy of Corona", which is the energy the surface is exposed to during 
treatment, and allows them to be compared. An example of this calculation is shown 
below for a corona power of 0.14kW:
Corona power = 0.14 kW = 0.14 kJ s''
Treated surface per second = speed of throughput x width of anode
= 0.17 X 0.40 = 0.06 m^s''
Energy of corona = corona power/treated surface per second = 2.33 kJ m'^
When the parameter being changed was the speed of treatment, the power was set at 
0.15 kW, and when the parameter being changed was the power o f the treatment, the 
speed was set at 10 m min''.
3.7.5 Contact Angle Analysis
Surface energy data was obtained using the sessile drop method by using an Advanced 
Surface Technology video contact angle VCA2500 system. Three liquids were used to 
obtain the polar and dispersive components of the surface energy: water; ethane-1,2- 
diol; and formamide. Some of the data presented is considering four liquids. In these 
cases, the extra liquid used was di-iodomethane. Readings were taken after 20s. This 
was found to be enough time for the drop to stabilise, and yet before significant 
evaporation had taken place. All measurements of corona discharge treated PET were 
taken immediately after treatment.
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3.7.6 Atomic Force Microscopy
AFM images were obtained from a Digital Instruments Nanoscope Multimode AFM. 
Silicon nitride triangular cantilevers were used, which were 100 pm in length and had a 
spring constant of 0.38 N m ''.
Operation was in constant height mode. Lateral force images were also collected for the 
samples simultaneously. In order confirm that the probe was not damaging the sample 
surface, a 1 pm^ image was scanned several times and then expanded to 10 pm^. If there 
was any damage, a square “window” would appear* in the larger image. There was no 
evidence of any such damage for any of the samples analysed.
3.7.7 Preparation of PMMA film
For the preparation of the PMMA films, firstly the stub for use in the instrument was 
covered with aluminium foil. The PMMA solution (7g/l dissolved in toluene) was 
dropped and drained onto the aluminium foil several times and was allowed to dry 
completely, preferably overnight.
3.7.8 Application of Organosilanes
Application of the silane coupling agent was carried out as follows: a solution 
consisting of the required concentrations of silane, solvent and water were made, and 
then left to stand for one hour, to allow the hydrolysis reaction to take place. In majority 
of cases, the solvent used was chosen to match the silane, for example, if the silane had 
methoxy groups attached, then methanol would be used as the solvent. This was done to 
avoid the complications of transalkoxylation occurring. (See section 2.2.4.3) Deposition 
of the silane was achieved by immersing the specimens in this solution for the required 
amount of time and subsequently washing in solvent for two minutes to remove any 
excess silane solution. The samples were then left to dry in air.
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3.8 MATERIALS
3.8.1 Poly (methyl methacrylate)
Poly(methyl methacrylate) (PMMA) is a hard, rigid, transparent material. Due to the 
somewhat polar nature of PMMA, mechanical, electrical and other properties are 
strongly dependent upon the testing rate and humidity.
The major uses of PMMA rise from its high light transition and good outdoor 
weathering properties. It is also a useful moulding material for applications where good 
appearance, reasonable toughness and rigidity are requirements which overcome the 
extra cost of this polymer compared with other thermoplastic polymers. Some uses of 
PMMA include glazing for aircraft windows; packaging material; lighting; and baths 
and wash hand basins (109).
There were two PMMA substrates used for this study, one which was manufactured by 
ICI, with poor adhesive properties, and one by Atochem with good adhesive properties. 
Both polymers were approximately 2mm thick, and were provided in large slabs, and so 
were cut to the required size for analysis. Both polymers had a protective polyethylene
film applied to both surfaces. For this 
I experiment, the suiTaces were not
C H 2 —  C cleaned after removal of the film, and so
any mould release agent which was 
employed during processing was likelyc= o
O C H 3  lo still be present on the surface.
F ig u r e  3 .3 0 : R e p e a t  u n i t  o f  P M M A The structure of a PMMA repeat unit can 
be seen in Figure 3.30.
The surface energy of PMMA is 43 mJ (yd = 35.9 m j m"^  and Yp = 4.3 mJ m" )^.
3.8.2 Poly(ethylene terephthalate)
Poly(ethylene terephthalate) is a good example of an orientable, crystallisable polymer. 
If a film of PET, such as Melinex film, is prepared above its melting point of 265°C and 
quenched at room temperature, it remains clear and amorphous. It is flexible with a low
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impact strength and is in the glassy state. The same film heated to temperatures above 
110°C becomes opaque, as the molecules have rearranged into a large crystallite, 
although this does not affect the mechanical properties to any significant extent. If the 
film is then heated and stretched in both directions it remains clear and is now 
tensilised, becoming both tough and flexible. During orientation, the crystallites become 
aligned and the total amount of crystalline material increases (110).
Biaxially oriented PET film has a tensile strength of -17 x 10  ^ kN m’^ , which is over 
300% greater than films of cellophane, polyethylene, or cellulose acetate. Its uses 
include: packaging; magnetic, video and industrial tape; microfilm; wire and cable 
wrapping. Metallised PET finds uses in decorative film, labels and decals (111).
The two polymers used in the study presented were both commercially available, one of 
thickness 50pm, which is referred to as Melinex and one of thickness 23 pm, which is 
referred to as Goodfellows. Both are described as being biaxially oriented films, and 
XPS analysis found the film to be free of obvious surface contamination, such as silicon, 
or nitrogen, which are common contaminants of production and surface modification.
One side of the Melinex PET film was corona treated to an unknovm level during the 
production process, which is common practice amongst polymer film manufacturers. All 
subsequent corona treatment was carried out on the pre-treated side of the PET film. It 
appeared that neither surface of the Goodfellows film had been previously corona 
treated, but any subsequent treatment carried out was always on the same side of the 
film. The surface energy of PET is 43 mJ m'^ (yd = 33 mJ m'^ and yp = 10 mJ m'^).
The structure o f a PET repeat unit can be seen in Figure 3.31.
T o - C - O - C H 2 C H 2  ) ï  
O O
Figure 3.31; Repeat unit of PET
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3.8.3 Organosilanes
The organosilanes used in this study are all commercially available under the code 
names indicated below. Within the text, the organosilanes have been referred to by the 
abbreviation listed alongside the code name.
Product
code
Product name Abbrevi
-ation
Formula
A l l O O y -am in o p ro p y l-
tr ie th o x y s ila n e
A P S NH2(CH2)3Si(OC2H5)3
Z6020 D ia m in o p ro p y l-
tr im e th o x y s ila n e
D A P M S N H 2(C H 2)2N H (C H 2)3Si(O C H 3)3
Z6021 D ia m in o p ro p y l-
tr ie th o x y s ila n e
D A P E S N H 2(CH 2)2N H (CH 2)3Si(O C2H 5)3
A187 G ly c id o x y p ro p y l-
tr im e th o x y s ila n e
G P S CH20CH(CH2)3Si(0CH3)3
A1170 B is[3 -
( tr im e th o x y s ily l)p ro p y l]
a m in e
A D E S Si(O C H 3)(C H 2)3N H (C H 2)3Si(O C H 3)
3.9 CONCLUDING REMARKS
The experimental techniques have been described in this chapter, with particular 
emphasis on the details which are relevant to this study. Also described are the details 
of the instruments used in this thesis and materials used in the experimental work. The 
results from these methods will be presented in Chapters 4-10, together with a 
discussion and interpretation of the findings.
132
Chapter 4: Surface Characteristics o f Commercial Poly(methyl methacrylate)
CHAPTER 4
SURFACE CHARACTERISTICS OF COMMERCIAL 
POLY(METHYL METHACRYLATE)
4.1 INTRODUCTION
The interaction of silane adhesion promoters with polymer substrates is of great interest 
technologically, and so a logical start to the project was to use commercial polymer 
substrates, which are of interest to industry. The purpose of the study reported in this 
chapter was to ascertain the feasibility of using these polymer substrates to develop a 
methodology for the study of the interaction of silane adhesion promoters.
The commercial polymers used were samples of poly(methyl methacrylate) (PMMA) 
which were obtained from two different manufacturers (Atochem and ICI) and 
manufactured by two different routes.
As a side issue to the adsorption of organosilanes, it was also known from mechanical 
tests that the Atochem polymer displayed good adhesion properties to silicone sealant, 
whilst the other, from ICI, showed low levels of adhesion. The reason for this was 
established during this study, and subsequent investigations of feasibility were carried 
out on modified substrates.
4.2 SURFACE ANALYSIS OF PMMA
Each of the sides of the polymer sheet had a polyethylene (PE) protective film, which 
was removed prior to any application of the polymer. Details of the two polymers are 
described in section 3.7.
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For the purposes of the surface analysis, 
the surfaces of each face and each 
internal surface of the film removed, 
totalling eight surfaces, were analysed 
separately. These were designated as: 
Atochem white side; Atochem blue side; 
and the PE films removed from those 
surfaces; ICI show face; ICI reverse 
face; and the PE films removed from
PM M A  substrate
PE protective film
Figure 4.1: Schematic of the four surfaces to 
be analysed for commercial PMMA
them. (See Figure 4.1) The term "show face" and "reverse face", arise from the 
indications on the PE films of the ICI sample that one side in particular was intended as 
the side to be used in an application.
ToF-SIMS and XPS analysis were used to characterise the surfaces, and Si KLL-ls 
Auger parameters were measured using high energy XPS. The first aim was to 
investigate the reasons for the different levels of adhesion displayed by the two 
polymers, and the second intention was to assess the potential of the substrates to be 
used to develop the methodology o f the application o f silane adhesion promoters to 
polymer substrates.
4.2.1 XPS Analysis
The XPS survey spectra for the analysis o f the as received PMMA, after removal o f the 
polyethylene film, can be seen in Figures 4.2a)-d). These spectra are typical of PMMA, 
with the C Is peak occurring at 285.0 eV, and the 0  1s peak occurring at approximately 
530.'I eV. The survey spectra show no marked differences between the four surfaces, 
although traces of silicon are observed on the ICI show face, and traces of nitrogen on 
one o f the surfaces of the Atochem sample. The high resolution spectra, (Figure 4.3a)-
c)) confirm that there are traces o f silicon to be found on the show face o f the ICI 
sample, and traces o f nitrogen (<1 at%) were detected on the surface o f both sides o f the 
PMMA from Atochem.
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Figure 4.2: XPS survey spectra of the four "as received" surfaces of PMMA; a) ICI show face; b) 
ICI reverse face; c) Atochem white side; d) Atochem blue side
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Figure 4.3: High resolution spectra for "as received" samples of PMMA: a) Si 2p region for ICI 
show face; b) N Is region for Atochem white side; c) N Is region for Atochem blue side
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4.2.2 ToF-SIMS Analysis
ToF-SIMS analysis was initially carried out on the PMMA substrates using the 
Poschenreider system, which was described in section 3.2. However, the thickness of 
the polymer caused charging problems, which could not, at that time, be overcome. For 
this reason, the PE films removed from the PMMA substrates were analysed. Although 
they might not be representative of the chemistry of the PMMA surface, they would at 
least give some idea of the presence of contaminants at the interface. The positive ToF- 
SIMS spectra are presented in Figures 4.4a) to d).
7000 
6000 
SOOO 
S  4000
i£  3000 
2000 
1000 
0
a)
50 70 90 110 130 150
m/7
R 4000
3000
& 2000
a 1500
10 30 7050 90 110 130 150m/7
Figure 4.4: ToF-SIMS spectra of the PE films removed from the PMMA: a) ICI show face; b) ICI 
reverse face; c) Atochem white side; d) Atochem blue side
The difference between the two surfaces o f the PE removed from the ICI sample is the 
presence of the mould release agent polydimethylsiloxane (PDMS) on the show face 
side, characterised by the presence of peaks at m/z = 73 and m/z = 147. Although a peak 
at m/z =147 can also be seen for the PE film removed from the reverse side o f the ICI 
sample, no peak at m/z -  73 as well, indicates that although there may well be a 
siloxane also present on the reverse side o f the PMMA, it is not a characteristic PDMS 
siloxane The major characteristic peaks for PDMS are assigned in Table 4.1. ToF-SIMS
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analysis of the PE films removed from the Atochem samples are identical from either 
side, and show typical PE spectra with no evidence of PDMS.
m/z Assignment
73 (CH3)3sr
147 (CH3)3Si-0-Si(CH3)2^
221 rSi302(CH3)7f
Table 4.1: Assignment of ToF-SIMS peaks for identification of surface contamination
4.3 OPTIMISATION OF ToF-SIMS ANALYSIS
Effective charge compensation is extremely important in the ToF-SIMS analysis of 
polymers. Under positive ion bombardment, an insulating sample will charge up 
positively. If there is no leakage of cuiTent between the surface and the earth, then the 
surface will charge to the energy of the beam. As the potential increases it may interfere 
electrostatically with the incoming primary particles, deflecting them away. In practise, 
although most samples are not perfect insulators and the charge built up will be less 
than the incoming beam, it will still be sufficient to degrade the spectrum obtained. If 
the insulator chaiges to a potential of AV, then the kinetic energy of the positive ions 
increases by AV, and the negative ions decrease by AV. The energy of the positive ions 
may therefore be too high to be detected, whilst the negative ion emission may be 
suppressed (94). This was particularly a problem in the case o f the sheets o f PMMA, as 
the charge build up was great enough to degrade the positive spectra, and to prevent the 
emission of negative ions. The negative spectrum is extremely useful for PMMA as it is 
very characteristic of the polymer, and without the large number of hydrocarbon ions 
detected in the positive analysis.
In a time-of-flight system, the primary ion beam is pulsed. This means that during the 
relatively long time between pulses (10"  ^ s), the extraction field can be turned off, and 
an electron beam pulsed onto the earthed sample. This is the method of charge 
compensation employed in the Poschenreider system utilised in this work, with the 
electron beam pulsed once every ten pulses o f the primary beam. For inorganic samples
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this method has been effective. For the thick sheets of PMMA, however, this method of 
charge compensation was not effective, and needed modification to improve the 
efficiency of the technique.
In order to overcome the problems encountered with the acquisition of negative ions, 
the Poschenreider instrument was modified to incorporate an extra 400 V negative bias 
on the sample. This served to improve the efficiency of the low electron flood gun 
employed already to prevent the positive charge build-up in the sample. This enabled 
the compensation to act more quickly during the off-cycle of the primary beam, when it 
is activated.
For both positive and negative analysis, 
the spectra produced were found to be of 
better quality if  a cover plate was utilised 
(Figure 4.5). Essentially it seiwed to 
enhance the signal from the surface of 
the sample, when the beam was 
centralised within the hole. Holes of
Figure 4.5: Schematic of cover plate adopted 
during ToF-SIMS analysis of polymers
various sizes were tested, and the optimum was found to be 7 mm diameter. The cover 
plate was also found to enhance the spectra obtained from thin films, and so this method 
was adopted in all future analysis.
4.4 ToF-SIMS ANALYSIS OF PMMA SHEETS
Optimisation o f the ToF-SIMS analysis allowed the substrates to be analysed. The 
spectra obtained from both polymers can be seen in Figure 4.6. Indeed, a presence of 
PDMS was detected on the show face surface of the ICI sample, which were not present 
on the surface of the Atochem PMMA. However, the presence o f even mass peaks in 
the spectrum obtained from the Atochem PMMA, suggests the presence of nitrogen 
containing species (from the nitrogen rule (112)), which would support the XPS results.
Although a hexane wash removed the PDMS from the surface of the ICI PMMA, the 
surfaces of both polymers still yielded different spectra from that which would be
138
Chapter 4: Surface Characteristics o f Commercial Poly(methyl methacrylate)
expected from pure PMMA, and the nitrogen containing groups remained on the 
Atochem sample surface.
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Figure 4.6: ToF-SIMS spectra of PMMA surfaces: a) ICI Show face; b) ICI reverse face; c) 
Atochem white side; d) Atochem blue side
m/z Assignment for PMMA
55 C4H7^
59
69 C4H50^
Table 4.2: Assigment of characteristic PMMA peaks observed in Figure 4.6 
4.5 ORGANOSILANES ON PMMA SHEET
The analysis of PMMA with APS was initially carried out using the Daresbury SRS. 
The application of organosilanes was according to the method outlined in section 
3.7.8 with a silane and water concentration of 5 wt%.
Figure 4.7 shows the survey spectrum of PMMA with adsorbed silane on the polymer 
manufactured by Atochem. As well as the typical spectrum for PMMA, i.e the C Is and 
the O Is peaks, a Si Is and N Is peak can also clearly be seen at 1840 eV and 400 eV 
respectively, and have a good cross-section. The “conventional” core level XPS peaks 
(Si 2p, Si 2s, C Is and O Is) are all at the expected binding energies with no evidence of
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non-linearities in the energy scale, thus it can be assumed that electrostatic charging of 
the insulating sample has been effectively overcome by the use of the auxiliary electron 
flood gun.
SiKLL Si2p
O Is
Kinetic Energy (eV)
C 1s
I CKLLSi Is OKLL
Si KLL/N
Si 2p
Binding Energy (eV)
Figure 4.7; Survey spectrum of PMMA with adsorbed silane on the polymer manufactured by 
Atochem (Obtained from Daresbury SRS; Photon energy = 2000 eV.
The values obtained for the Si 1 s and Si KLL transitions for silanes adsorbed on the two 
PMMA substrates are presented in Table 4.3, Calculation of the Auger parameters for 
the two systems indicate that there is no difference in the interaction of the APS 
molecule with the two PMMA substrates. The reproducibility of the peak positions 
from the two samples is, however, a further indication that surface charge is being 
managed effectively.
Specimen and Treatm ent Si Is/eV SiK L U eV aféV
ICI PMMA + APS 1848 1608 1456
ATOCHEM PMMA + APS 1848 1608 1456
Table 4.3: Si Is-Si KLL Auger Parameters calculated for the two samples of PMMA investigated in
this study.
Further studies of A1100 on PMMA sheets, using conventional XPS, identified that the 
amounts of silicon present on the samples was extremely low, often less than 1 at%.
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Increasing the concentration of the silane in the treating solution did not increase the 
levels of silicon remaining on the surface.
The determination of the Auger parameters using a high energy monochromated source 
was a preliminary investigation as to whether the thick polymer samples could be 
effectively charge compensated. The work carried out has shown that effective charge 
compensation of insulating samples is possible with such an X-ray source. However, 
this avenue of investigation was not subsequently pursued, partly due to restrictions on 
access to the synchrotron radiation source.
4.6 DISCUSSION
From the ToF-SIMS data the presence of PDMS on the show face o f the ICI sample 
was established. This finding was supported by the detection of silicon on this surface 
by XPS. This is the side of the ICI PMMA that would be used as the bonding surface 
for any future applications, and so is very likely to be the reason for the low levels of 
adhesion displayed by this polymer.
The Atochem sample also showed atypical characteristics of PMMA, in that a presence 
o f nitrogen was detected by XPS and also by ToF-SIMS. These were probably caused 
by additives in the bulk of the polymer, which may have segregated to the suiface, or 
may be present throughout the bulk o f the polymer.
It is clear from these results that neither of these polymers exhibit characteristics of pure 
PMMA at the surface, and as such will complicate the development of any methodology 
of silane investigation using these samples as the substrates. Cleaning the samples with 
various methods proved ineffective for producing more typical PMMA surfaces.
The work presented in this chapter was extremely useful for building up expertise in the 
techniques employed. ToF-SIMS analysis can be extremely difficult for insulating 
materials, as was demonstrated by the requirement to modify the charge neutralisation 
system of the Poschenreider instrument. Although XPS analysis of polymers is more 
routine, the work presented here allowed an understanding of the technique, which will
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be utilised in the following chapters. Problems of sample charging in ToF-SIMS were 
overcome to an extent by the use of the extra bias on the sample, but the analysis was 
still far from routine, and was compromised by the difficulties o f handling the thick 
polymer samples.
The experiment to measure the Auger parameters can be deemed a success from the 
point of view of a feasibility study o f the charging associated with the analysis of 
insulators by a high energy, monochromated X-ray source. However, the levels of silane 
adhesion promoter adsorbed onto the surface of the PMMA were not sufficiently high to 
allow for a more thorough investigation of the interaction of the silane molecules with 
the substrate.
PMMA has the lowest surface energy and polarity, of any of the low energy surfaces 
which are to be investigated in this thesis. The problems associated with the low levels 
o f adsorption of the organosilane onto the substrate were already apparent from this 
initial data, but it was thought that it could be attributed to the atypical surface 
chemistry o f the commercial PMMA. Later in this thesis it will be demonstrated that the 
reasons for the low levels of adsorption o f organosilanes are more likely to be because 
of the organosilane solution chemistry, or more particularly the low surface energy and 
reactivity of the PMMA surface.
The low levels o f silane adsorption combined with the surface contamination, or 
additive segregation to the surface, led to the decision to move on to purer PMMA 
surfaces, which thin films of PMMA cast from solution onto aluminium were envisaged 
to be. The following chapter is an investigation into the silane solution characteristics 
and behavioui*, and the results from the adsorption of organosilanes on the thin films of 
pure PMMA are presented and discussed in Chapter 6.
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CHAPTER 5
ORGANOSILANE SOLUTION CHEMISTRY
5.1 INTRODUCTION
There are many different ways o f applying a silane adhesion promoter to the substrate. 
These include painting or spraying a solution containing the silane and a solvent, or 
incorporation o f the silane into an adhesive or sealant formulation. The study presented 
in this thesis is one of the ftmdamental processes of the adsorption of organosilanes with 
the chosen substrates. For this reason, in all o f the work presented in this thesis, the 
silane was applied from solution, by immersion o f the polymer substrate into the 
hydrolysed, possibly condensed, silane solution. It has become clear that there are many 
factors which affect the solution chemistiy, for example pH, solvent or water content, 
all o f which were discussed in Chapter 2. Despite the lar ge number of studies presented 
on the hydrolysis and condensation mechanisms of silanes in solution, it appears that 
the exact details vary considerably depending upon the precise conditions employed.
In order to attempt to understand the interaction of the silane with the substrate, a 
knowledge of the solution from which the silane is being deposited is required. It was 
therefore decided that it was necessary to establish the solution chemistry for the silane 
solution, in conditions similar to those used in the subsequent investigation. This was 
carried out using ^^Si-NMR spectroscopy for the solution, and ToF-SIMS was also 
utilised to infer the solution chemistry fr om the analysis o f a thick silane layer.
During the course of this investigation, it became clear that different batches of 
nominally the same organosilane behave in a different manner. This was attributed to 
the purity of the organosilane, as the most marked difference was observed for a 
commercial silane and a distilled version of the same silane. The XPS results of the 
effects of impurities on the adsorption o f the silane from solution are also presented in 
this chapter.
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5.2 ^^Si-NMR SPECTROSCOPY STUDY OF SILANE IN SOLUTION
^^Si-NMR was carried out on DAPMS in methanol and 5 wt% water and also for GPS 
in the same solution. The spectra were collected over a period of 140 minutes (Figure 
5.1). Figure 5.2 illustrates the molecular representation of the peaks described below.
T - O
A
I RSKOMe).
-60 -70 ppm
T =  14 J
T-26 .
RSi(OZ>.Ow2 Z — I I or Me
RSi(O7)0y.
C
II D RSIO3/J
I ^
T -  140 ™Ar*
Figure 5.1: ’^Si-NMR spectra of 5% DAPMS in methanol with 5% water added
At time t -  0, the main peak present is the monomer of DAPMS (unfortunately ^^Si- 
NMR cannot discriminate between alkoxylated and hydrolysed species). By time t = 14 
minutes, this peak has been significantly reduced, and the increase of the peak 
corresponding to the silicon atom with one bridging oxygen atom is the most prominent 
peak. At time t = 26 minutes, the monomer peak has completely disappeared, and the 
peak corresponding to Si with two bridging oxygen atoms has started to become more 
prominent. The peak corresponding to Si with three bridging oxygen atoms is 
observable by t = 35 minutes. Subsequently, these species become more and more 
dominant in the spectrum, at the expense o f the silicon with only one bridging oxygen
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atom. The broadening of the peak is indicative of network formation which increases 
the number of different types of neighbouring Si nucleii.
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0CH3 
R - S i — 0CH3 
0CH3
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F ig u r e  5 .2 : M o le c u la r  r e p r e s e n ta t io n  o f  p e a k s  o b s e rv e d  in  D A P M S  N M R  s p e c tr a
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F ig u r e  5 .3 : ^^S i-N M R  s p e c t r a  o f  5 %  G P S  in  m e th a n o l  w i th  5 %  w a t e r  a d d e d
The results obtained for DAPES is in complete contrast with the spectrum obtained for 
GPS in the same solution (Figure 5.3). The spectrum obtained after t = 17 hours is 
exactly the same as the one obtained at t = 0. This means that the silane is still in its 
monomeric state, and that no condensation has taken place. Although DAPES is 
expected to be faster to react due to its ability to self-catalyse, some condensation o f the 
GPS would still be expected within this time fi'ame, and the reason it is not is very 
likely caused by the method of analysis (see discussion below).
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5.3 TOF-SIMS STUDIES OF THE HYDROLYSIS AND CONDENSATION 
REACTION
ToF-SIMS analysis was carried out on thick layers of silanes on a metal surface. No 
fragments seen in the spectra corresponded to the metal substrate and so it was assumed 
that the layer was thick enough for the spectra to be produced entirely from the 
solidified polymer. No peaks corresponding to the metal substrate were observed in 
XPS analysis, thus supporting the ToF-SlMS data.
This experiment was carried out for DAPES, in a methanol solution, both with and 
without water. The quantities of water added were in excess and the concentration of the 
silane was approximately 50 wt%.
247
147 221
m /z
Figure 5.4 (Top): Positive ToF-SIMS spectra of DAPMS without water 
Figure 5.5 (Bottom): Positive ToF-SIMS spectrum of DAPMS with added water
An important point to notice about the positive spectra o f DAPES (Figures 5.4 and 5.5) 
is that when water is added, the appearance of the m/z -  73 peak dominates the 
spectrum, and there is also a peak at m/z = 147 and m/z = 221, all o f which indicate a
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polysiloxane cross-linked material, with similar fragmentation characteristics to 
polydimethylsiloxane (PDMS) (Figure 5.6).
28 147
221
m/z
Figure 5.6: ToF-SIMS spectrum of Polydimethylsiloxane (PDMS) (113)
Table 5.1 shows the assignments of these peaks. When no water is added, no such 
polymerisation appears to be occurring, although fragments are present which are higher 
than the monomer mass of 221 g mol"\ implying that some sort o f cross linked species 
is present. A distinguishing feature between PDMS and cross linked organosilane is the 
presence o f even mass peaks, indicating the presence o f nitrogen containing fragments 
(from the nitrogen rule (94))
m/z Assignment
73 (CH3)3sr
147 (CH3)3Si-0-Si(CH3)2''
221 rSi302(CH3)7f
Table 5.1: Assignment of ToF-SIMS peaks for studies of condensation reaction
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5.4 INVESTIGATION INTO THE EFFECT OF SILANE IM PURITIES ON 
ADSORPTION
During the course of the experimental work carried out in the early part o f this thesis, it 
became apparent that the purity o f the silane has an effect on the levels of adsorption on 
a polymer substrate as observed by XPS. The presence of impurities reduces the levels 
o f silane adsorbed onto the surface o f the polymer.
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Figure 5.7: a): XPS survey spectrum of commercial DAPMS on PET film; b): XPS survey spectrum 
of commercially distilled DAPMS on PET film; c) XPS survey spectrum of laboratoiy distilled
DAPMS
The XPS survey spectra of the organosilanes commercial DAPES and commercial 
distilled DAPES adsorbed onto a PET substrate (Figure 5.7) demonstrate this effect. In 
the spectrum obtained from the commercial DAPES, the peaks for Si 2p (102 eV), and 
the N Is (402 eV) are barely observable above the noise. For commercial distilled 
DAPES, the only observable peaks other than C Is and O Is, are the Si 2p and the Si 2s 
levels. For DAPES which had been distilled in the laboratory, the peaks for Si 2p and N 
Is are very obvious in the survey spectrum. The only difference between the three 
silanes is the level of purity. Commercial DAPES is of unspecified purity, commercial
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pure DAPES is 97% pure, and the laboratory distilled sample is of even higher purity 
(-99%).
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Figure 5.8: XPS survey spectrum of commercial DAPMS on PET film, after addition of excess PET
to hydrolysing solution.
In an attempt to reduce effects of the levels of the impurities in the commercial DAPES 
silane solution prior to application of the silane to the polymer, a very large quantity of 
PET film (approximately 1 m^) was placed into the solution in the hour the solution was 
left to stand for hydrolysis to occur. It was the intention that the amount of PET was 
sufficient to allow all o f the impurities to preferentially adsorb. The excess PET was 
then removed and the polymer immersed in the solution in the usual way. The XPS 
survey spectrum of this sample showed increased levels of silicon and nitrogen when 
compared to that obtained ftom the commercial DAPES prepared in the usual way, 
indicating higher levels of adsorption (Figure 5.8).
’H-NMR studies of both the commercial DAPES and the commercial distilled DAPES 
were carried out. Low levels o f PDMS impurity were found to be present in both 
silanes.
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5.5 DISCUSSION
It is not possible for ^^Si-NMR to distinguish between a hydrolysed or unliydrolysed 
silane molecule, and so using this technique will only yield information on the 
approximate rate of the condensation reaction. The rate of this reaction for the 
aminosilane DAPMS is very fast, the first peaks corresponding to the condensation 
occurring after 14 minutes. Condensation to form a network is still continuing even 
after 140 minutes.
A time frame that is frequently used for allowing hydrolysis and condensation in 
laboratory studies, and was used for all the investigations that are reported within this 
thesis, is 1 hour. This is used by convention, or according to the guidelines of the 
manufacturers, rather than from any real consideration of the rate of the reaction, and 
has been reported in other studies (15, 21, 22). The implication of these results is that 
after leaving the solution for this length of time, there is no monomer left in the 
solution. What is unclear from this study is how quickly the hydrolysis of the molecule 
must be taking place. Two silanols are obviously required for the condensation reaction 
to proceed. However, this technique does not yield any information as to whether the 
hydrolysis of all the alkoxy groups occurs spontaneously, which is unlikely because of 
steric hindrance of the other alkoxy groups. It is more likely that the condensation 
reactions are occurring simultaneously with the hydrolysis reaction, and as the 
condensation reaction proceeds, it becomes more and more difficult for the water 
molecules to reach and react with the remaining unhydrolysed alkoxy groups. It is very 
probable that there are some remaining unhydrolysed alkoxy groups, even after the 1 
hour for which the reaction is allowed to proceed. Proton NMR spectroscopy would 
lead to more information on the rate of the hydrolysis reaction, but this was not used in 
this study.
It is well known that GPS has a complex solution chemistry, but the contrast between 
the aminosilane and GPS, which does not have an amino functional group, is extreme. 
This has been explained in many studies by the ability o f the aminosilane to self- 
catalyse (9). The pH of the solution was not adjusted, and it has been reported in several 
studies (7, 9) that the solution should be at a low pH to enhance the hydrolysis reaction, 
and thus the condensation reaction.
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It is surprising, however, that no condensation at all was observed. An insight into the 
reason for this may be inferred by looking at the results from a similar study, but carried 
out with the silane in an aqueous solution (114). In the study of the aqueous solution, 
the solution was in a separate container, continuously stirred, and analysis was carried 
out on aliquots of the solution removed from the larger amount, at the required times. 
The results of this method do show a hydrolysis reaction occurring within 1 hour, 
without adjustment of the pH of the solution, and a condensation reaction occurring 
within a few hours. In the study presented in this chapter, the silane and solution were 
all placed in the NMR analysis tube and the analysis was carried out at various times on 
the same sample. Although the kinetics of the reaction aie likely to be much faster 
within an aqueous solution, as used by Bertelsen, the presence of an excess of water in 
the methanol solution, should have led to some hydrolysis and condensation taking 
place.
Extending this effect of stirring the solution on the reaction to the DAPMS silane, 
means that by using a slightly different method of analysis the reaction may be seen to 
occur much faster. It should also be noted that the solutions used for all the studies 
presented in this thesis were not stin*ed during hydrolysis. This gives confidence that the 
use o f the NMR spectroscopy obtained in this way is more likely to be representative of 
the way the solutions were prepared for the adsorption studies in this thesis.
Although DAPMS and GPS were the only silanes that were included in this study, it is 
possible to extend these findings to the other silanes used in this thesis. DAPES is a 
silane with the same structure as DAPMS except for the alkoxy group, which is a 
bulkier ethyl group instead of a methyl group. As such it is likely that the reaction 
occurs in much the same way, taking into account the fact the larger ethyl groups will 
slow the kinetics, and lead to more unhydrolysed alkoxy groups present in the solution 
after 1 hour.
The difference between the two positive ToF-SIMS spectra for DAPES with and 
without water are not surprising if  the reaction equations alone are considered (Section 
2.2.2), as water is required for hydrolysis and hence subsequent condensation to take 
place. However, it is a common belief and has been reported in the product infoimation 
from United Chemical Technologies (22), that the self-catalytic nature of aminosilanes
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means that enough water can be obtained from the atmosphere, or adsorbed onto the 
substrate, for the hydrolysis to take place. This is clearly not the case with this substrate. 
There may be enough water adsorbed onto the substrate for cross-linking to occur at the 
very interface, but for this relatively thick layer of silane, not enough water was present 
to cause cross-linking throughout the bulk. At the same time, the peaks corresponding to 
hydrolysed monomers are not present in the spectrum for DAPES either with or without 
added water. This implies that, in the case o f the solution with water, the silane has 
completely hydrolysed and cross-linked, and in the case without water, that the 
fragmentation pattern of the silane molecule is such that no unhydrolysed mass unit at 
w/z = 221 was observed.
The effect of impurities in the commercial organosilane was an unexpected observation. 
The addition of the excess PET had similar effect, although to a lesser extent, as 
distilling the silane. This suggests that a low energy contaminant, possibly PDMS 
preferentially adsorbs onto the polymer, and an addition of an excess of the polymer 
serves to allow this to occur and then to allow the organosilane to adsorb on the fresh 
polymer which is immersed subsequently. This would be consistent with the 
observation of silicon only on the surface of the polymer for commercially distilled 
DAPES, which was still seen to contain PDMS impurities.
The effect of the purity o f the solution has been observed in other studies (115). This 
was a study of the hydrolysis and condensation, and it was observed that the 
commercially available silane, which was 95% pure converted from an emulsion to a 
clear sol in 10 minutes, compared to a freshly distilled sample, which converted to the 
same stage after only 2 minutes. No suggestion is made as to the type of impurities 
which were present in this particular silane.
It is possible that the impurities serve to inhibit the reaction, and that the removal of the 
impurities, either by distillation or by the addition of a large surface area (i.e. excess 
polymer), removes this inhibitor, thus allowing the reaction to proceed. However, it 
seems far more likely in this case, that the PDMS present is inhibiting the adsorption of 
the organosilane, rather than the hydrolysis and condensation reaction, as the levels of 
this impurity are very low.
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It is clear from this discussion that the solution chemistry is very complex, and slight 
changes in conditions, or methods of analysis have a very big effect on the results. A lot 
more work would be required to establish the exact solution chemistry even for one 
silane system. This explains the variability o f the results obtained in the literature 
reviewed in Chapter 2. Many different parameters can have a profound effect on the 
solution chemistry, and consequently different results are obtained for each study 
carried out. This makes drawing conclusions from the literature very difficult, and 
explains the need for the solution chemistry to be established for each system employed.
However, it was not the intention that this investigation should provide a definitive 
elucidation of the solution chemistry, merely to provide an indication o f the solution 
behaviour for the experiments in this thesis. The NMR results presented have 
established that the reaction of the aminosilane is faster that the silane with no amino 
group, and that after one hour, both solutions are likely to contain a mixture of partially 
hydrolysed and partially condensed polymeric silanes. This information will be used to 
interpret the adsorption of the organosilanes onto the low energy substrates.
The effect o f the purity of the organosilane has led to the conclusion that higher levels 
o f silane adsorption aie observed for higher purity organosilanes. This effect is taken 
into account in the later work reported in this thesis, where only laboratory distilled 
diaminosilane was used. It was not possible to use laboratory distilled samples of all the 
different organosilanes, and so the possible presence of the PDMS will be taken into 
account in interpretation of the results.
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CHAPTER 6
ADSORPTION OF ORGANOSILANES ON PMMA FILM
6.1 INTRODUCTION
In order to develop the investigation of the interaction of silane adhesion promoters with 
polymer substrates, it was decided to use a thin film of PMMA on aluminium foil as the 
substrate, using the procedure described in section 3.6.6. This provided a more typical 
PMMA substrate, than the commercial PMMA investigated in the previous chapter.
An indication of the type of interaction occurring between the polymer and the 
organosilane molecule can be inferred from the type o f adsorption isotherms which are 
obtained. For this reason, much of the work in this chapter is focussed on establishing 
high quality adsorption isotherms.
Problems encountered regarding the levels of silane adsorption, and the variability of 
the results are also reported and addressed in this chapter.
6.2 AMINO(PROPYL)TRIETHOXYSILANE (APS) ON PMMA FILM
Adsorption isotherms were obtained by both ToF-SIMS and XPS. In the XPS spectrum, 
of the as cast PMMA film, the only peaks apparent on the spectrum are the C Is and the 
O Is peaks, at 285 eV and 531 eV, respectively (Figure 6.1). No peak for aluminium 
was observed, which indicates that the layer o f PMMA is o f a thickness greater than the 
depth of analysis.
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Figure 6.1: XPS spectra of as cast PMMA
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Figure 6.2: XPS spectra of APS on PMMA
The spectrum for APS on PMMA, Figure 6.2, shows the appearance o f Si 2p (102 eV) 
and N Is (402 eV). The high resolution spectra of Si 2p and N Is, show fairly strong 
peaks, and as these are not present in the spectra o f the as cast PMMA, it can be 
assumed that these are fi’om the adsorbed organosilane.
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Figure 6.3: Negative ToF-SIMS spectra: a) PMMA film only; b) thick layer of APS; c) 5wt% APS
with 5wt% water adsorbed onto PMMA
The negative ToF-SIMS spectra can be used to identify the presence, and to quantify 
relative intensities o f the silane on the PMMA substrate. The negative ToF-SIMS 
spectra for PMMA film, a thick layer o f APS, and of APS adsorbed onto the PMMA 
substrate, in the mass range m/z ~  0-50 are presented in Figure 6.3. The peak at m/z -  
31, which is characteristic of PMMA (CH3O ), and indeed appears in the spectrum for 
PMMA only, but not in the spectrum for APS only. However, peak m/x = 26, which 
corresponds to the CN' fragment is solely seen in the spectrum of APS. This means that 
two peaks which are mutually exclusive both of which appear in the spectrum of APS 
on PMMA, can be used to quantify the amount of APS adsorbing onto the PMMA 
substrate, and therefore to construct an adsorption isotherm. The similar masses o f these 
two peaks also avoids the problems associated with the difference in mass resolution
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across a wide range. The quantification was carried out according to the following 
equation (See section 2.4.8 for more information):
Relative Intensity (I) = [l26/(l3 i+l26)] x 100 a  surface coverage
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Figure 6.4: Uptake curve of APS on PMMA 
as a function of time constructed from XPS 
data
JO45
40
I: I:
i'> « 1050
0 2 4 6 8 10 12 14
Time (miiiilei)
Figure 6.5: Uptake curve of APS on PMMA 
as a function of time constructed from ToF- 
SIMS data
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Figure 6.7: Uptake curve of APS on PMMA as 
a function of concentration constructed from 
ToF-SIMS data
Before the thermodynamics of 
adsorption can be established, it is 
important to ascertain the kinetics. The 
quantity of silane adsorbed as a function 
of time is plotted in Figure 6.4 for the 
XPS results and Figure 6.5 for the ToF- 
SIMS results. The concentration o f the 
solution used for this kinetics study was 
5 wt% APS with 5 wt% water, which is 
in stoichiometric excess, and 90 wt% 
ethanol. From both of these plots, the 
amount of silane does not change 
significantly within the time range o f the 
experiment, from which it can be 
inferred that five minutes was enough 
time for the kinetics of the reaction. One 
data point which is an exception to this 
is the 10 minute point in the ToF-SIMS 
data, which seems significantly higher 
than the other data points. The error bars 
on this point, however, are very large, 
and so considering these, the point could 
be judged to lie in the same range as the 
others.
Taking 5 minutes as sufficient time to 
establish kinetic equilibrium, data were 
obtained to produce a plot of silicon as a
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function of concentration of silane in solution. These plots are presented in Figure 6.6 
for the XPS results, and Figure 6.7 for the ToF-SIMS results. The lowest concentration 
of silane for which the XPS uptake was obtained was 5 wt%. Overall, the uptake of 
silane increases with increasing concentration within the range of the experiment, with a 
peak occurring at a concentration of 10 wt%. The same peak is also apparent in the 
ToF-SIMS data in which again, there is a slight increase in the relative intensity within 
the range o f the experiment. ToF-SIMS data was acquired for a lower concentrations as 
well, which shows that even a very low concentration of silane (<0.5 wt%) is sufficient 
for the silane to adsorb a significant amount onto the surface of the PMMA.
The ToF-SIMS experiment was repeated in the range 7-14 wt%, to establish if  the peak 
at 10 wt% were real, or simply a feature of that particular sample. The results of this 
repeat (Figure 6.8) show that the peak did not occur to such a marked extent the second 
time, however, the relative intensity does still increase slightly, and then decrease 
considerably for the highest concentration.
a 40
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20 4 6 10 12 148 16
Concentration of silane in solution (W t% )
Figure 6.8; Repeat of ToF-SIMS experiment 
in the ranee 7-14 wt%
To plot the XPS data as a Langmuir 
isotherm would require a plot o f the 
concentration of the solution on the 
abscissa versus the concentration of the 
adsorbate divided by the concentration 
of the solution on the ordinate axis. An 
attempt to plot this data as a Langmuir 
isotherm proved unsuccessful. Even if 
the peak at 10 wt% were assumed to be 
an anomaly, it would still not be possible to draw a straight line though the all the 
datapoints, such as would be possible if the adsorption followed a Langmuir isotherm. 
The assumption implicit in the Langmuir isotherm is that all sites are energetically 
equal, and that ability o f a molecule to adsorb at a given site is independent o f the 
occupation of neighbouring sites. The fact that the data obtained in this experiment does 
not fit a Langmuir type plot, suggests that these assumptions are not true for the 
adsorption of organosilanes on PMMA substrate. It is very likely that the enthalpy of 
adsorption is likely to vary, and is not constant for all possible sites.
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6.3 SCREENING OF ORGANOSILANES ON PMMA
The levels of APS which were adsorbing onto the surface of the PMMA (~1%) were too 
low to allow for a more thorough investigation into the interaction of the silane 
molecules with the substrate. For this reason, a selection of other silanes was screened 
to see if the levels of adsorption were greater. The results of the screening using XPS 
results can be seen in Figure 6.9. All the solutions were of the same concentration of 
silane, 5 wt%, and contained the same amount of water, 5 wt%, except where stated 
otherwise.
The highest levels of uptake were found to be the diaminosilanes, i.e. DAPMS and 
DAPES. These two silanes were also compared to the levels of uptake when no water 
was added to the solution, and as expected, the levels of silicon detected on the surface 
were higher with water added.
A very similar pattern o f uptake levels was also seen by using the results of ToF-SIMS 
analysis (Figure 6.10). The highest levels of adsorption could be identified as being the 
diaminosilane with the addition of water.
L 0.8
1. APS with added water
2. DAPES with no added water
3. DAPES with added water
T re a tm e n t
4. DAPM S with no added w ater
5. DAPM S with added w ater
Figure 6.9; Screening of silanes on PMMA - XPS results (Si 2p)
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1. APS with added water
2. DAPES with no added water
3. DAPES with added water
T  re a tm e n t
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5. DAPMS with added w ater
Figure 6.10: Screening of silanes on PMMA - Negative ToF-SIMS results (Normalised intensity of
I26 and I3,
6.4 DIAMINOSILANE ON PMMA FILM
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The uptake curve of DAPMS with 5% 
added water on PMMA film shows a 
steady increase in the amount of silicon 
detected on the surface with increasing 
concentration of silane in the solution 
(Figure 6.11). Examples of the XPS 
spectra from which this data was 
obtained can be seen in Figure 6.12. At 
low levels of concentration, only a small 
peak is observed for both the Si 2s and N Is peaks, but at higher concentrations, these 
peaks become much more significant.
C oim ntnilion of Z6020 («(% )
Figure 6.11: Uptake curve of DAPMS on 
PMMA film constructed from XPS data.
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Figure 6.12: XPS spectra obtained from DAPES adsorbed onto PMMA film a) 0.5 wt% DAPES 
with 5 wt% water; b) 10 wt% DAPES with 5 wt% water
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Figure 6.13: Comparison of repeat of nominally the same experiment.
It has been noted that different conditions during application of the silane would 
produce different adsorption isotherms, and different levels of uptake o f the silane. For 
this reason, the 5 wt% concentration of silane was repeated on a different occasion, and 
applied to the PMMA in exactly the same way. The results of this repeat analysis can be 
seen in Figure 6.13. There are extremely large differences between the two nominally 
identical experiments when water is added to the solution. For the analyses with no 
added water, the levels of uptake are already very low, although they did not change 
significantly in the repeat of the experiment.
6.5 AUGER PARAMETERS
Table 6.1 shows the results obtained for the adsorption of DAPMS and DAPES on 
PMMA substrates, as obtained from Bremsstrahlung induced Si~KLL Auger peaks. 
These results are very encouraging for the use of Auger Parameters to distinguish 
between different chemical structures.
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Treatment At. % 
Silicon
a
DAPES with no added water 0.74 1711.0
DAPES with added water 1.48 1710.1
DAPMS with no added water 0.33 1711.1
DAPMS with added water 1.028 1710.5
Table 6.1: Bremsstrahlung induced Auger parameters of DAPMS and DAPES on PMMA film
In both cases, the adhesion promoter without added water adsorbed less than 1 at%, and 
the Auger parameters of both o f these are within 0.1 eV of each other, i.e. within 
experimental error. Also in both cases, when water is added, and the molecules are 
therefore hydrolysed, the Si Auger parameter decreases. The decrease in Auger 
parameter for both silanes corresponds with a twofold increase in the quantity of 
adsorption.
6.6 DISCUSSION
It is possible to infer some conclusions from the adsorption isotherms, taking into 
account the possible sources of the anomalies in the trends. The isotherm for APS onto 
PMMA show that most o f the adsorption has occurred at levels of silane concentration 
of less than 0.5 wt%. The level of uptake essentially reaches a plateau before this, and 
the actual levels o f adsorption are very low. These two facts combined suggest that the 
aerie density of sites available for adsorption on the PMMA substrate are very low and 
that the quantity of molecules required to saturate the surface with adsorbed species is 
consistently low. The kinetics plots show that a longer amount o f time does not lead to 
an increase in the quantities of silane, which imply that the silane is not building up 
layer upon layer. However, the ToF-SIMS spectra show that the silane on the surface is 
a cross-linked layer, so this means that the crosslinking must be occurring either within 
the solution or across the layer, or perhaps both, and not between sequential layers of 
silane.
It was found that the data did not fit the Langmuir model. This provides qualitative 
information about the possible value o f the enthalpy of adsorption Inherent in the 
Langmuir isotherm are assumptions about the substrates and the reactive sites on the 
surface. These include the assumption that all sites are energetically equal, and that
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ability of a molecule to adsorb at a given site is independent of the occupation of 
neighbouring sites. The fact that the data obtained in this experiment does not fit a 
Langmuir type plot, suggests that these assumptions are not true for the adsorption of 
organosilanes on PMMA substrate. It is very likely that the enthalpy o f adsorption is 
likely to vary, and is not constant for all possible sites.
In contrast to the adsorption of APS on PMMA film, adsorption o f DAPMS onto 
PMMA film shows a steadily increasing level of silane adsorbing onto the surface. This 
shape of uptake cui-ve could be explained by the absorption of the silane into the 
polymer. Alternatively, this could be a result o f this silane being able to form multiple 
layers, which ToF-SIMS has again shovm to be cross-linked.
All o f the results presented in this chapter show the same trends whether analysed by 
XPS or ToF-SIMS. This is a very important observation, which means that each method 
of analysis can give a degree of confidence to the other method of analysis, thus the 
variabilities observed is not a result o f the method of analysis, and must therefore be 
attributable to the reasons desribed earlier. The implication o f this is that future 
adsorption isotherms can be constmcted using either method of analysis, and confidence 
can be given to the results obtained from either. Both methods of analysis have still 
been used in much o f the subsequent work, as in most cases one technique offers 
complementary information to the other.
The decrease of the Auger parameter with hydrolysis has been reported in previous 
studies (103, 116). This decrease in Auger parameter could also be attributed to the 
different interaction of the molecules with the substrate. The Auger parameter of the 
silane adhesion promoters on a polymer substrate have not been studied extensively, 
either in this thesis, or elsewhere in the literature. However, the differences observed in 
this experiment lead to the belief that there could be much value in pursuing 
establishment of Auger parameters using the higher binding energy to produce peaks of 
a higher intensity, i.e. using Synchrotron radiation to obtain the Si Is peak for a 
comprehensive study.
The results from the repeat o f the experiment of the application of DAPMS to PMMA 
film, illustrate the effect of variables of the silane chemistry. This change in levels of
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uptake could have serious effects on the adsorption isotherm. All the silane solutions 
were prepared in absolutely the same way. However, it also seems that unless all the 
silane solutions and applications are prepared at the same time, factors outside 
experimental control are likely to have an effect on the solution chemistry. Another 
implication of this is that the results from one experiment eannot be compared to 
another in absolute values. The assumption is made that trends can be compared.
An indication that either the PMMA or the silane overlayer are not uniform can be 
inferred from the size of the error bars. On much of the ToF-SIMS results the eiror bars 
were very large. The reason for this was initially thought to be caused by the variation 
o f the ToF-SIMS instrumental parameters. A previous study, however, reported the 
error bars on the uptake curves to be within the symbols on the plot (96), and indeed the 
error bars on the concentration uptake curves are very small. Even larger error bars are 
observed on the XPS uptake curve. This also led to the suggestion that the silane, or the 
polymer film on the aluminium, may be inhomogeneous, also explaining why the data 
does not fit a Langmuir type plot, as the assumption of homogeneity is implicit in this 
theory. It has been reported previously that the deposition of PMMA from a solution 
leads to a heterogeneous layer (117), which it was suggested, could be controlled by 
adjusting the pH of the solution.
Many uncertainties are introduced by the deposition of one layer onto another deposited 
layer. If the high resolution spectra for the aluminium region are taken into account, 
there is a quantifiable level o f aluminium appearing in some spectra (>5 at%), which 
comes fi’om the bulk aluminium substrate, rather than as surface contamination. This 
suggests that the PMMA film is of varying thickness, usually sufficiently thick for the 
aluminium to be absent from the XPS spectrum, but there are areas which are thinner, 
and these are the areas which are analysed when aluminium is detected.
If the mechanism of silane interaction is by absorption, or swelling o f the polymer, as 
has been suggested earlier in this discussion, the varying thickness of the PMMA film 
will have an effect on the levels of organosilane absorbed. The thickest that the PMMA 
film is likely to be is -Ip m . This means that the absorption of the organosilane into the
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polymer is limited by the quantity o f material into which it can absorb. The varying 
thickness of PMMA may be the cause of the variations within the data.
PMMA has the lowest surface energy o f any of the substrates investigated in this thesis, 
and also the lowest levels of polar functional groups on the surface. It would therefore 
be expected that it would display the lowest levels of organosilane adsorbing onto the 
surface, as there are likely to be very few sites with which the organosilane can interact. 
However, the levels of silane adsorption were lower than were expected at the outset of 
this part of the study, and added to this the uncertainties associated with the thickness of 
the PMMA film, suggested that the PMMA substrate was not the most ideal for further 
investigation.
The work presented in this chapter was a useful starting point in the investigation of 
organosilanes with low energy substrates, and has addressed some issues, such as the 
suggestion that the low levels o f adsorption are caused by the low aerie density of 
reactive sites on the surface, and the ability to use ToF-SIMS or XPS to monitor the 
uptake of organosilanes on such a low energy substrate. All these ideas will form a basis 
for the investigations of polymers with slightly higher surface energies, such as PET 
film, which is presented in the following chapter.
166
Chapter 7: Adsorption o f  Organosilanes on Poly (ethylene terephthalate) Film
CHAPTER 7 
ADSORPTION OF ORGANOSILANES ON 
POLY(ETHYLENE TEREPHTHALATE) FILM
7.1 INTRODUCTION
Although all the previous work was carried out with PMMA as a substrate, the change 
is now made to poly(ethylene terephthalate) (PET) which was obtained from 
Goodfellows. This polymer is as technologically important as PMMA, and so was 
considered as suitable substrate to develop this investigation. The slightly higher surface 
energy and more importantly, the more polar molecule of PET suggest that the silane 
molecule would adsorb to it in larger quantities than has previously been observed on 
the surface of PMMA, because of a higher number of possible sites for adsorption.
In this chapter, results from the adsorption of various silanes, using ToF-SIMS and XPS 
will be presented. The silanes which have been investigated are DAPES and GPS, the 
former being a diaminosilane, and in the latter the amino functional group is replaced by 
a glycidoxy group. Initially all of the silanes were screened on the PET substrate, in 
order to establish which silane would yield the highest levels of adsorption to continue 
the studies on. Subsequently adsorption isotherms were obtained from organosilanes on 
PET, and then an investigation of the deposition of organosilanes onto PET from 
aqueous solutions.
7.2 XPS AND TOF-SIMS ANALYSIS OF PET FILM
The positive and negative spectra for the PET film as received are presented in Figures 
7.1a) and b). These spectra are very typical for PET, the characteristic peaks of this 
polymer being shown in the fragmentation pattern elucidated by Lang et al. (118)
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(Figure 7.2), although not all these peaks can be identified. No silicon or nitrogen 
containing fragments were observed.
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Figure 7.1: ToF-SIMS spectra of as received PET film: a) positive; b) negative
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Figure 7.3: XPS spectrum of as received PET
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The XPS spectrum for as received PET (Figure 7.3) confirms that there is no surface 
contamination present on the as received PET, with the oxygen and carbon being the 
only elements detected. This compares well with the standard spectrum for PET 
presented by Beamson et al. (64). The stoichiometric quantities of oxygen present in 
PET is 28.8 at.%. In the current research the value for the percentage of oxygen at the 
surface is approximately 26.0 at.%. The slight difference in the quantities of oxygen are 
assumed to be caused by the likely presence of environmental hydrocarbon 
contamination.
7.3 SCREENING OF SILANES ON PET
The screening of five different silanes was carried out on PET. The results of the 
quantification of the XPS spectra are presented in Figure 7.4. All the solutions were of 
the same concentration of silane, i.e. 5 wt%, and contained the same amount of water, 5 
wt%, except where stated otherwise.
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Treatment Si (at %) N (at %) Ratio N:Si
APS 5% in ethanol 0.7 0.7 1:1
DAPMS 5% in methanol 2.0 5.7 2.9:1
GPS 5% in methanol 1.3
DAPES 5% in ethanol 1.6 2.7 1.7:1
DAPES 5% in water 1.8 1.4 0.8:1
Table 7.1: Ratios of N:Si from screening of organosilanes
It can be seen that the uptake of silanes on the PET substrate is in general higher than on 
PMMA substrates. The ratios of nitrogen to silicon are presented in Table 7.1. The ratio 
of 1:1 for APS is as expected from the structure of the APS molecule, and the same can 
be said for the DAPES ratio of approximately 2:1. The ratio of 3:1 for DAPMS, 
however, is not expected and implies that the molecules may not be randomly oriented 
on the surface, and the nitrogen is detected preferentially over the silicon. The ratio of 
0.82:1 when the Z6021 w ^  made in an aqueous solution, may be caused by the solution 
chemistry. It is possible that the difference in properties of the solvent as opposed to an 
aqueous solution, results in different effects on the organosilane molecules in the 
solution, which causes a different interaction with the surface when applied from an 
aqueous solution than when applied from a solvent.
7.4 STUDIES OF DAPES ON PET
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Figure 7.5: Kinetics curve of DAPMS on PET; 
5 wt% silane, 5 wt% water in ethanol
Studies were carried out initially with 
DAPES in an ethanol solution, as 
although the uptake levels were not 
highest, they did show an as expected 
stoichiometry. In adsorption studies, it is 
important to take into account the 
kinetics as well as the thermodynamics, 
and so a kinetics curve was established
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by taking one concentration of silane, in this case 5 wt% was chosen, and varying the 
length of time allowed for the kinetics to take place. The results of the kinetics 
experiment for DAPES can be seen in Figure 7.5.
Although the error bars on one point (2 minutes) were particularly large, it can still be 
seen from the curve in Figure 7.5 that the uptake is lower for 1 minute than for 
subsequent lengths of time. It was therefore decided that 3 minutes of immersion of the 
samples in the silane solution would allow enough time for the kinetics of the 
adsorption process to take place.
The XPS spectra for the two extremes, i.e 1% DAPES and 7.5% DAPES (Figures 7.6 
and 7.7 respectively). It can be seen from these that although the peaks corresponding to 
Si Is (102 eV) and N Is (401 eV) can be seen quite clearly on the survey spectrum of 
the lower concentration of silane, the peaks are much more prominent at the higher 
concentration. This observation is reinforced in the narrow spectra. The signal to noise 
ratios for the silicon and the nitrogen are much higher on the spectra from the low 
concentration samples.
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Figure 7.6: XPS spectrum of 1 wt% DAPES on PET
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Figure 7.7: XPS spectrum of 7.5 wt% DAPES on PET
This observation is also reflected in the uptake curve in Figure 7.8, where the amounts 
of both silicon and nitrogen are plotted against the concentration of silane in the 
solution. This curve shows an initial increase in the amounts of silicon and nitrogen on 
the surface, and a plateau by a concentration of 5wt%. As would be expected from the 
stoichiometry of DAPES, the uptake of the silicon is in general approximately half that 
of the nitrogen. A plot of the nitrogen to silicon ratio (Figure 7.9) show that this is the 
case for all the concentrations above 5wt%, but that the lowest concentration shows a 
N:Si ratio of less than one. A possible explanation of this is a change in the orientation 
o f the adsorbed molecule, which needs to be investigated further.
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Figure 7.8: Uptake curve of DAPES on PET film
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Figure 7,9: Plot of N:Si ratio of DAPES on PET film
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Figure 7.10: Angle resolved XPS of DAPES on 
PET film
Some preliminary results from angle 
resolved XPS on a 5wt% DAPES sample 
are shown in Figure 7.10. As the analysis 
becomes more surface sensitive, the 
signals of both the nitrogen and the 
silicon increase. This is indicative of a 
randomly oriented layer, or that the 
molecule is lying flat on the substrate. 
This preliminary study will be extended to 
establish the orientation of the molecules 
on the surface of the PET.
7.5 OTHER SILANES ON PET FILM
It was decided subsequently to focus on two silanes, namely DAPMS and GPS, as they 
both contain methoxy groups and the solvent to be used in each case is methanol. The 
study of both of these silanes would demonstrate differences between silanes with and 
without an amine group, and as such are intended to represent different groups of 
silanes.
An uptake curve for DAPMS on PET (Figure 7.11) shows that although the gradient is 
not as steep as for DAPES (Figure 7.8) an increase in the silane uptake with increasing
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concentration can still be observed. It is more difficult to specify at 'what concentration a 
plateau is reached, if  indeed a plateau is reached, but there does appear to be a plateau at 
concentrations of higher than 5wt%.
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Figure 7.11: Uptake curve of DAPMS on PET film
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Figure 7.12: ToF-SIMS spectra of the highest and lowest concentrations: a) 1% DAPMS on PET;
b) 10% DAPMS on PET
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Figure 7.13: ToF-SIMS spectra in the range lOOD to MOD for DAPMS on PET: a) 1% DAPMS on
PET; b) 10% DAPMS on PET
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ToF-SIMS analysis of the highest and the lowest concentrations are shown in Figure 
7.12, and the mass range of m/z = 100 to 140 in Figure 7.13. The most noticeable 
feature, which differentiates the two spectra, is the increase of the peak at m/z = 135. As 
this peak is not apparent in the initial PET film spectrum (Figure 7.1a)) it can be 
assumed that it is from the organosilane. The increase in this peak is matched by a 
coiTesponding decrease in the relative intensity o f the peak at m/z -  104, which is a 
characteristic pealc of PET and corresponds to the fragment defined in Figure 7.2a). 
These peaks can therefore be used to monitor the adsorption of organosilane on the 
surface, and indeed, if  the method defined in (Chapter 6) is employed, initial 
calculations do imply that the relative intensity of the peak corresponding to the 
organosilane does increase, with increasing concentration of applied silane. (Table 7.2)
Concentration 1104 Il35 Relative Intensity
0% 73.4 5.28 6.7
1% 337.86 119.96 2&2
10% 30.55 63.12 67.4
Table 7.2: Initial calculations of relative intensity of m/z = 135 relative to m/z = 104. m/z = 135 is
attributed to DAPMS
GPS shows a very different picture 
(Figure 7.14). Initially, there is a slight 
increase in the uptake (which is 
monitored by the quantity of silicon on 
the surface), and then it appears to 
plateau, but increase again significantly 
for 10wt% GPS. The actual values of the 
silicon content are very low for the lower 
concentrations, and were difficult to
^ 0.8
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0  • —
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Figure 7.14: Uptake curve of GPS on PET 
film from XPS analysis
distinguish from the noise in the spectrum. All the lower concentrations showed only a 
trace of silicon, and therefore it could be possible that a concentration of 10wt% 
allowed the silane molecules to adsorb to the surface. This would imply that there is a 
threshold concentration of GPS in solution. The trend seen for this organosilane can 
also be explained by the absorption, or swelling of the polymer by the silane solution.
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If this threshold were to exist, it is not 
supported by the ToF-SIMS analyses. 
Figure 7.15 is obtained from 
normalisation of the ToF-SIMS data, as 
outlined in previously (Chapter 6), this 
time using positive peaks of m/z = 28 
and m/z = 73 as being representative of 
the silane and m/z = 104 as being the 
peak representative of the PET film 
substrate. The trend does not show the
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Figure 7.15: Uptake curve of GPS on PET 
film from ToF-SIMS analysis
marked increase in quantities of silane at the higher concentration. Instead this data 
shows that a plateau is reached below the lowest concentration.
Figure 7.17: ToF-SIMS spectra for two 
samples of 10 wt% DAPMS on PET film
90 110 130 ISO
Figure 7.16: ToF-SIMS spectra for three 
samples of 10 wt% A187 on PET film
The ToF-SIMS spectra for 10wt% GPS on PET film are presented in Figures 7.16a)-c), 
covering the range m/z = 10-150. The three spectra shown were obtained hom thiee 
different specimens, which were prepared at exactly the same time with the same 
solution. This should have eliminated effects of the influence that the many factors have
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on the uptake of silane. However, as can clearly be seen, although two of the samples 
exhibit approximately the same peaks, the third spectrum is completely different. The 
presence of the peaks m/z = 73 and m/z = 147 are apparent, and are characteristic of a 
polydimethylsiloxane layer, and can also be attributed to a polymerised layer o f GPS on 
the surface (50).
Further evidence to suggest that a polysiloxane layer leads to lower levels of adsorbed 
silicon, as analysed by XPS is the ToF-SIMS spectra in Figure 7.17. This figure 
compares two samples of 10wt% DAPMS, and the resulting spectra aie extremely 
different. Again, a striking point about the second spectrum is that the most dominant 
peaks are m/z = 73 and 147, which as has been pointed out, correspond to peaks 
characteristic of a polysiloxane layer.
7.6 SILANES DEPOSITED FROM AQUEOUS SOLUTIONS
SIMS and XPS analysis was carried out for the deposition of GPS and DAPMS onto 
PET from aqueous solutions, comparing the effect of different concentrations, and 
rinsing after application, on the levels o f uptake on the surface.
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Figure 7.18: ToF-SIMS spectra of A187 on PET film deposited from an aqueous solution: a) 1 wt% 
unrinsed; b) 1 wt% rinsed; e) 10 wt% unrinsed; d) 10 wt% rinsed
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The ToF-SIMS spectra obtained from the GPS in aqueous solution are presented in 
Figures 7.18a)-d). The main differences are observed between the 1 wt% and the 10 
wt% whether it was rinsed or unrinsed. The lower concentration has resulted in the 
detection of higher levels of the peaks at m/z -  73 and 147, once again indicative of a 
polysiloxane layer. When this data is quantified (Figure 7.19) the peak at m/z = 73 can 
be seen to be higher for the 1 wt% samples, whether they are rinsed or unrinsed. For all 
the masses presented, it seems that there is very little difference between the rinsed and 
unrinsed samnles
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Figure 7.19: Quantified ToF-SIMS data of GPS on PET film deposited from an aqueous solution
XPS data (Figure 7.20) for the same samples shows that there is a difference between 
the rinsed and unrinsed samples, with the 10 wt% sample showing an increase in the 
level of silicon. The rinsed samples, however, show almost the same levels of silicon 
present on the surface in both cases.
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Figure 7.20: Quantified XPS data of GPS on PET film deposited from an aqueous solution.
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Figure 7.21: Quantified ToF-SIMS data of Z6020 on PET film deposited from an aqueous solution
DAPMS deposited from an aqueous solution, behaves in a different way. In terms of the 
relative intensity of the peaks indicative of a polysiloxane layer, for example, m/z = 73, 
stays exactly the same whatever the concentration, and whether the sample is rinsed or 
not (Figure 7.21). The spectra presented in Figure 7.22 do not show major differences 
between the spectra, although the lower concentration of silane do seem to have higher 
relative quantities of the low mass hydrocarbons.
Quantified XPS data (Figure 7.23) has shown that the levels of silicon detected on the 
surface are the same for both the rinsed and unrinsed 1 Owt%, but the 1 wt% samples do 
show a reduction in the levels of silicon present at the surface when rinsed.
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Figure 7.22: ToF-SIMS spectra of Z6020 on PET film deposited from an aqueous solution: a) 1 
wt% unrinsed; b) 1 wt% rinsed; c) 10 wt®/o unrinsed; d) 10 wt% rinsed
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Figure 7.23: Quantified XPS data of DAPMS on PET film deposited from an aqueous solution
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7.7 DISCUSSION
The higher polar surface energy of the PET has led to increased adsorption of all 
organosilanes than were seen for PMMA. The use of a standard film has also eliminated 
the problems associated with the adsorption of one layer onto another coated layer, with 
the possible problems of film thickness variations.
The behaviour of aminosilane adsorbed onto PET and GPS adsorbed onto PET are very 
different. This would be expected by consideration of the rates of condensation of the 
silanes, and indicates that the extent of hydrolysis and condensation has an effect upon 
the adsorption chaiacteristics. The preparation of the silane solution still seems to have 
a great effect, not only on the amount of silane which is adsorbed, but also on the way 
in which it adsorbs. However, the preparation of the solution is carefully controlled, and 
now the substrate is also the same for each experiment. Therefore the silane solution 
must be effected by factors which are beyond the control of the facilities available, such 
as humidity, temperature, or levels of impurities present in the silane.
The discrepancy between ToF-SIMS and XPS data for the uptake of GPS fi'om a 
solution of methanol and water, can be explained by the sampling depth of the two 
techniques. ToF-SIMS analyses only the top few nm of the surface. This means that at 
all of the concentrations o f silane, the layer is thick enough for the analysis depth to 
include only condensed silane. For XPS, with analysis depth greater than that of ToF- 
SIMS, at the lower concentrations the depth of analysis is greater than the thickness of 
the very low levels of organosilane deposited on the surface. At a high concentration of 
organosilane in the solution precipitation and sedimentation of the large polymeric 
molecules would be expected. Therefore, at the concentration of 10 wt%, the silane is 
adsorbing as large molecules (see discussion in Chapter 10), and the size of this 
molecule results in a thickness of silane greater than before, hence results in the higher 
detection of silicon on the surface.
The reason for the application of silanes from aqueous solutions was to observe the 
effects of fast hydrolysis and condensation reactions on the adsorption of the silane, 
despite the observation from the screening of the silanes that the stoichiometry from
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such an adsorbed layer was not as expected. The behaviour of GPS when deposited 
from an aqueous solution and DAPMS when deposited from an aqueous solution are 
almost converse of each other. GPS shows the most cross-linked silane when the 
concentration is the lowest, whether rinsed or unrinsed. The DAPMS, on the other hand, 
shows the same amounts regardless of the concentration and regardless of rinsing. 
Although the reasons for these differences are not fully understood, the following 
discussion aims to suggest possible reasons for the observed behaviour.
The difference in behaviom* between the two silanes can be explained by consideration 
of the solution chemistry. NMR spectroscopy (Chapter 5) has shown that the 
diaminosilane, DAPMS, condenses within minutes, whereas the GPS silane is very 
unreactive. Although this study was depositing the silanes from aqueous solutions, and 
the NMR study was of solutions in methanol and water, it is very likely that DAPMS 
still reacts and condenses much faster than GPS.
Although in all other studies in this thesis, the solutions of silane were left to stand for 
one hour before application to the polymer, this was not possible for this experiment, as 
the large quantities of water resulted in the DAPMS silane forming an opaque gel, well 
within an hour. This led to leaving the solution to stand for only 15 minutes, by which 
time the higher concentration of DAPMS was already cloudy, which is indicative of the 
condensation reaction taking place. This length of time will not have been long enough 
for the GPS silane to have polymerised.
The reason for the higher presence of the polysiloxane fragment ions on the samples of 
lower concentration could be explained by the presence of PDMS contamination in the 
silane. This may preferentially adsorb to the substrate, and therefore reduces the number 
of sites available for the adsorption of the silanes. The levels of contamination of PDMS 
in the silane are very low (<0.1 %). At higher concentrations, the silane will be more 
cross-linked in solution and therefore would require fewer anchorage points, but still 
result in a larger coverage, as the polymerised molecules would be large. Therefore, if 
all of the PDMS present has adsorbed, and the surface is not satuiated, then there will 
still be some sites available to which the large cross-linked polymers could adsorb. The 
presence of this contamination also explains the change in Si:N ratio observed in Figure 
7.8. At lower concentrations the Si would be more dominant due to the presence of the
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PDMS contamination whereas higher concentrations, the presence of the contamination 
becomes much less dominant, because large polymerised molecules will be interacting 
with the small number of available sites left on the surface. The organosilane and not 
the PDMS will then dominate the analysis.
Although showing higher levels of adsorption than the PMMA substrate, the PET 
substrate still has only very low levels of adsorption of organosilanes. The reason for 
this is likely to be associated with the low surface energy of the PET, which was still 
not high enough to increase the levels of adsorption. Evidence for swelling of the 
polymer was only seen for the adsorption of GPS in methanol solution. The swelling of 
the polymer which was suggested in Chapter 6 was not observed in the adsorption of 
aminosilanes onto PET. Although this does not discount this mechanism as the method 
of interaction of aminosilanes with some polymers, it does not appear to be an issue for 
the adsorption of aminosilanes onto the PET substrate.
Corona discharge treatment is a common method of increasing the surface energy of 
polymer films. As it has been suggested that the low levels of adsorption are likely to be 
associated with the low surface energy of the PMMA and the PET film, it was decided 
to use corona discharge treatment to increase the surface energy of the PET film. The 
next chapter reports the characterisation of the treated surface, and the final chapter of 
experimental results investigates the interaction of the organosilane molecules with the 
treated substrate.
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CHAPTER 8 
CHARACTERISATION OF CORONA DISCHARGE 
TREATED POLY(ETHYLENE TEREPHTHALATE)
8.1 INTRODUCTION
A common method used in industry to increase the surface energy o f polymers is corona 
discharge treatment, This treatment results in higher surface energy mainly by means of 
oxidation and the introduction o f polar groups on the surface. Corona treatment of the 
surface of a polymer such as PET results in a surface that has much improved v^ettability 
and adhesion characteristics.
Much work has been carried out on studying the effect that corona discharge treatment 
has upon polyolefin substrates, and the mechanism of modification. Very little has been 
published on the effect o f corona discharge treatments upon PET. That which has been 
published is reviewed in Chapter 2.
It was concluded in the previous chapter, that the untreated PET surface did not serve 
the purpose of providing a substrate which could be used to study reproducible 
interactions of organosilanes with polymers, with high levels of silanes adsorbing. The 
reasons for this were largely attributed to the low surface energy of PET. It is well 
known that corona treating the PET increases the surface energy, and so it was decided 
to use this surface treatment to provide a substrate with the highest surface energy of 
those studied in this thesis.
This aim o f the work carried out in this chapter was to characterise samples of PET 
which came from two different suppliers (See section 3.7.2) and to observe the effect 
that corona discharge treatment has upon the surface of the polymers. This information 
is needed in order to attempt to elucidate a mechanism for the interaction of silane 
adhesion promoters, which is presented in the next chapter.
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One of the methods used to investigate the surface was XPS, although this time carried 
out on the Kratos Axis Ultra instrument, which has the advantages of extremely good 
spectral resolution from the use of a monochromated X-ray, source and charge 
compensation. Angle resolved XPS was utilised to gain further insights into the 
mechanism of corona treatment. The other techniques used were ToF-SIMS, contact 
angle analysis, and atomic force microscopy (AFM) for studying the morphology of the 
surface.
8.2 INCORPORATION OF OXYGEN
XPS analysis of corona treated PET film shows an increase in the levels of oxygen 
present at the surface. The survey spectrum, high resolution spectra for C Is and O Is, 
and valence band spectra are presented in Figure 8.1, for the as received and the most 
intensely corona treated Melinex PET, at an analysis angle of 90°. The same set of 
spectra for Goodfellows PET are presented in Figure 8.2.
From the survey spectra of both of the polymers, the increase in the intensity of the O Is 
peak at 531 eV, relative to the intensity o f the C Is peak at 285 eV, is very apparent. In 
addition to this, there is a very obvious change in the shape of the O Is peak, and to a 
lesser extent the C Is peak, after corona discharge treatment. The lower binding energy 
component of the O Is peak is o f an equivalent intensity to the higher binding energy 
component for the as received PET, but after corona treatment, a reduction in the lower 
binding energy component can be observed. The lower binding energy component 
corresponds to the carboxyl group, and the higher binding energy component 
coiTesponds to -OCH2-.
The main peak present in the valence band spectra both as received and after corona 
discharge treatment, is the O 2s, at ~25 eV. The presence of this peak dominates the 
spectrum, making it difficult to extract further information fiom the spectrum. The O 2s 
peak is seen to increase in intensity after corona discharge treatment, which reflects the 
increase of oxygen present on the surface, which is also evident from the O Is peak-
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Figure 8.1: Survey spectrum, C Is, O Is and valence band spectra for Melinex PET: a) As received;
b) After corona treatment
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Figure 8.2: Survey spectrum, C Is, O Is and valence band spectra for Goodfellows PET: a) As
received; b) After corona treatment
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It is possible to control the corona discharge treatment by means of the speed, or the 
power of treatment. This is described in Chapter 3. Similar changes occur in the XPS 
spectra whether the corona discharge treatment is controlled by the speed of treatment 
or by the power o f the treatment.
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The quantitative XPS data allows the 
construction of a plot showing the 
increase of oxygen content with 
increasing treatment energy ( E c ) ,  
whether the treatment is controlled by 
speed or by power. Such a plot is 
presented in Figure 8.3 for Melinex PET, 
and Figure 8.4 for Goodfellows PET, for 
an angle of analysis o f 90°.
In the case o f the Melinex PET, the
—*—Power
• Speed oxygen content increases from 23.7 at% 
to reach a plateau of approximately 30 
at% at an Ec of 5.7 kJ m“^ , therefore
Figure 8.4; Oxygen .content as a function of 
Energy of Corona - Goodfellows PET
increasing overall by approximately 6 
at%. For the Goodfellows PET, the 
oxygen content increases from an 
initially higher level o f 26 at% oxygen, to a plateau, again at an Ec of 5.7 kJ m" ,^ of 
approximately 28 at%. This is an overall increase in oxygen content which is 
significantly less than that seen for Melinex PET, o f only 2 at%.
8.3 ANGLE RESOLVED XPS AND INCORPORATION OF OXYGEN
Analysis o f a sample at different electron take-off angles allows for a psuedo depth 
profile to be established, which in turn leads to insights into the orientation of the 
molecules at the surface of the sample. The surfaces of the Goodfellows and Melinex 
PET before and after corona discharge treatment were analysed at three different angles, 
90°, 45° and 15°, with the latter being the most surface sensitive.
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A comparison of the O Is peaks before and after corona treatment, at the two most 
extreme angles are presented for Goodfellows PET in Figure 8.5.
i II
a) b)
Figure 8.5: Comparison of O Is spectra after corona discharge treatment for Goodfellows PET: a)
90®; b) 15°
As the analysis becomes more surface sensitive, the resolution o f the peaks does 
decrease, but also a change o f shape in particular of the O Is spectra becomes apparent. 
This change o f shape also occurs in the as received sample, where the lower binding 
energy component of the O Is peak reduces as the analysis becomes more surface 
sensitive. After discharge treatment, the lower binding energy component reduces in 
intensity relative to the higher binding energy component as has already been observed. 
As the angle of analysis becomes more surface sensitive, this component does not 
reduce significantly, but the resolution reduces to such an extent that the peak is no 
longer defined separately.
C 30
0 5 10 15 0 105 15
- Po%rer 
• Speed
Energy of Corona (bJ m' ) Energy of Corona (kJ m )
Figure 8.6: Oxygen content as a function of Figure 8.7: Oxygen content as a function of
energy of corona - Melinex PET 15° energy of corona - Goodfellows PET 15°
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Plots of the oxygen content as a function of Ec for 45° and 15° were also constructed, 
and the plots for Melinex at 15° and for Goodfellows at 15° are presented in Figure 8.6 
and Figure 8.7 respectively. For these more surface sensitive analyses, the oxygen 
content reaches a maximum at the lowest power of treatment. The oxygen content 
increase is greater than for 90°, with the oxygen content of the Melinex PET increasing 
by approximately 6 at% for the analysis at 45°, and 10 at% for the analysis at 15°. The 
overall incorporation of oxygen is also much higher for the Goodfellows PET at the 
higher angles of analysis, increasing by approximately 5 at% in the 45° analysis as well 
as in the 15° analysis.
8.4 PEAK FITTING OF C Is AND O Is
It became clear from the change in shape of the O Is and C Is peaks, that the chemical 
changes occurring on the surface o f the PET after corona discharge treatment were 
incorporated into the peak. An attempt was made to extract this information from the 
peak shape by using peak fitting techniques.
I C3a
C 6
288.7 286.3 285.0 
Binding Eneigy (cV)
>
C2Î C3g
C5
C7C6
288.7 286.3 285,0 
Binding Encigy (cV)
a) b)
Figure 8.8: Peak fitted C Is component: a) as received; b) after corona discharge treatment
Melinex PET
The peak fitted C ls spectra for Melinex PET before and after corona discharge 
treatment are shown in Figure 8.8, and the O Is spectra in Figure 8.9. In the as received 
C Is spectrum the three components which are labelled C l, C2 and C3 are present in the 
standard PET spectrum and correspond to the aromatic hydrocarbons at 284.7 eV, -
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CH2O at 286.3 eV, and -C=0 at 288.7 eV. Neither of the components labelled C4 and 
C6 are present in the standard spectra, occurring at 285.0 eV and 289.0 eV. The main 
difference between the peak fitted spectra before and after corona treatment is the 
introduction of two new peaks in the spectrum, C5 and C7, at 287.0 eV and 288.3 eV 
respectively.
Binding Energy (cV)
I
CM
533.2 531.6
Binding Energy (cV)
a) b)
Figure 8.9: Peak fitted O Is component: a) as received; b) after corona discharge treatment
Melinex PET
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The components of the O Is spectrum 
for the as received Melinex PET (Figure 
_^ci 8.9) show the peaks which are
• • C 26 -C3 considered as standard for PET, i.e.
533.2 eV and 531.6 eV. Corona 
discharge treating the PET leads to the 
increase of the components at 533.9 eV 
(03) and 532.0 eV (04). These peaks 
are assigned in the discussion.
C 4  
C 5 
•A  *—C  6  
-« — 07
Energy o f Corona (k J  m )
Figure 8.10: Contributions of C Is comp­
onents for Melinex PET
Plotting these components as a 
percentage area of the peak versus Ec 
shows how the chemical changes are 
occurring at the surface as the energy 
applied increases. Such a plot for 
Melinex C Is is presented in Figure
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8.10, and for O Is in Figure 8.11. It can be seen from the plot of the C Is components 
that the contribution of C l, which is attributed to the aromatic hydrocarbons at 284.7 
eV, reduces after corona treatment. The contributions of C5 and 07  do not increase 
significantly after their initial introduction at the lowest Eg. 06 increases slightly with 
increasing levels of corona treatment.
0 1 2 3 4 5 6 7 8 9 10 II 12 !3 !4 15
Energy of Corona (kJ tn
Figure 8.11: Contribution of O Is components 
for Melinex PET
From the plot of the O Is components,
two complementary trends can be
- a - 0  1 observed. Component 01 decreases as 
—*— 0 2
* 03 increases correspondingly, and 02
decreases as 0 4  increases. This suggests 
that the 01 component is being 
converted into the 03  component and 
likewise with the 02  and 04  
components.
I2
C6
1.7 286.3 285.0Binding Energy (eV)
! C3M
C5C6
288.7 286.3Binding Energy (®V) 285.0
a) b)
Figure 8.12: Peak fitted C  Is component: a) as received; b) after corona discharge treatment
Goodfellows PET
The peak fitted 0  Is spectra for Goodfellows PET before and after corona discharge 
treatment are presented in Figure 8.12, and for O Is in Figure 8.13. Generally the same 
chemical changes have taken place as for the Melinex PET, with the exception of the 07  
component which does not appear in the Goodfellows O ls peak, Goodfellows PET also 
has component 06  in the as received spectrum, which is not standard for PET.
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Figure 8.13: Peak fitted O Is component: a) as received; b) after corona discharge treatment
Goodfellows PET
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Figure 8.14: Contributions of C Is comp­
onents for Goodfellows PET
The O Is spectrum for the as received 
Goodfellows PET does not show the 
presence of the components 03 and 04, 
although they are present in the O Is 
spectrum after treatment. This
demonstrates one o f the differences 
between the two polymer films. 
Although the manufacturers o f the films 
did not provide information on the 
surface treatment of the films, the 
C5 presence of the 03  and 0 4  components 
on the as received Melinex, and the 
corona discharge treated surfaces of 
both polymers, is evidence of the fact 
that the Melinex PET has already been 
corona treated to some extent during 
manufacture, and the Goodfellows PET 
has not.
-04 
• 0
A - 0 6
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The plots of the components o f the Goodfellows PET high resolution spectra are 
presented in Figure 8.14 for C Is and 8.15 for O Is. Again, the component C l, 
corresponding to the aromatic hydrocarbons decreases, as peaks C4, C5 and 06
increase. In this case, however, the 
changes are taking place more
60
8 20
0 1 2 3 4 5 6 7 8 9 10 n  12 13 14 15
Encigy of Corona (kJ in *)
Figure 8.15: Contributions of O Is comp­
onents for Goodfeilows PET
increasing Ec.
This is different to the initial increase 
and subsequent plateau that was 
observed for Melinex PET.
All of the components which are increasing are likely to be polar groups, and so for the 
purposes of the plots presented in Figure 8.16, the term on the y-axis, "Increasing 
components", refers to the summation o f C4, C5 and C6, and the summation of 03 and 
04. A gradual increase in the contribution o f these groups is observed with increasing 
energy of corona, reaching a plateau at an Ec of approximately 5 kJ m" .^ The trend is 
very similar for both Goodfellows and Melinex PET (Figure 8.17).
i IS — C4.C5.C6 
...p ..*  0 3 ,0 48
10S1 5
0
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-p -C 4 .C 5 .C 6  
 0 3 ,0 4
Energy of Corona (ItJ Energy of Co rona(t{J
Figure 8.16; Plot of increasing components of Figure 8.17: Plot of increasing components of
C Is and O Is with Increasing energy of C Is and O Is with increasing energy of
corona for Goodfellows PET corona for Goodfellows PET
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8.5 ANGLE RESOLVED PEAK FITTING OF C Is PEAK
Peak fitting of the angle-resolved spectra was carried out to establish orientation of the 
surface layers. The peak fitted C Is spectra for Melinex PET after corona discharge 
treatment, at 90°, 45° and 15° analysis are presented in Figure 8.18. The same for 
Goodfellows is presented in Figure 8.19.
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Cl
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0 7
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Figure 8.18: Peak fitted angle-resolved C Is 
spectra for corona discharge treated Melinex 
PET: a) 90°; b) 45°:c) 15°
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Figure 8.19: Peak fitted angle-resolved 
spectra for corona discharge treated
Goodfellows PET: a) 90°; b) 45°; c) 15°
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After corona discharge treatment, the component C4 increases considerably. The other 
components which increase with increasing surface sensitivity are C5, C6, and in the 
case of Melinex PET, C l. All these peaks have been associated with the corona 
discharge treatment. The main difference between Melinex and Goodfellows is that the 
C Is spectra obtained for the Melinex show no difference, until the most surface 
sensitive angle of 15°. On the other hand, the Goodfellows PET shows a gradual 
increase in the components with increasing surface sensitivity.
The change of components C4, C5, C6 and C7 are illustrated in Figures 8.20 and 8.21, 
where they are plotted as percentage o f the C Is peak area, versus angle of analysis. 
These figures show clearly that the components plotted all increase with increasing 
surface sensitivity, with the exception of component C6 for Goodfellows PET, which 
stays fairly constant across the range.
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Figure 8.20: Contribution of C Is components Figure 8.21: Contribution of C Is components
as a function of angle of analysis - Melinex as a function of angle of analysis - corona
PET corona discharge treated discharge treated Goodfellows PET.
8.6 ToF-SIMS ANALYSIS OF CORONA DISCHARGE TREATED PET
Analysis of all of the corona treated PET surfaces by ToF-SIMS show the appearance of 
a peak in the positive spectrum at m/z = 18 , and also the appearance of peaks at masses 
of m/z -  30, m/z = 74, m/z = 1 0 2  and m/z = 1 0 6  (See Figure 8.22). The negative 
spectrum shows the appearance o f mass peaks at m/z = 46 and m/z = 62 (See Figure 
8.23). All these peaks have been attributed to nitrogen containing peaks which were 
introduced during the corona treatment process. The fragments which they correspond 
to can be seen in Table 8.1a) and b).
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Mass From ent
18 N H /
30 CH4N^
46 C2H8NVCH4N 0 ^
65 C5H5+
74 C2 H4N 0 2 VC3H8NO+
102 C3H8N0VC2H4N02‘*‘
104 C6H5CO+
106 CyHgN"
Table 8.1a : Positive ToF-SIMS fragment assignments
t  102 104
|i.Lijli.iiiiLLi _ l.iJ.i.. ■ ili.i 1,
*akL
J aa,
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...1 i . 1
1 3 0
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, . 1 1 .  1. . .  ...1,1,1.1 . ..1,
10 > 90 110 130 1
Figure 8.22: Comparison of positive ToF-SIMS spectra of as received and corona discharge treated
PET - Goodfellows PET
Mass Fragment
46 N O f
62 NO3'
76 QH4-
121 C7H502-
165 C8H504-
Table 8.1b : Negative ToF-SIMS fragment assignments
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Figure 8.23: Comparison of negative ToF-SIMS spectra of as received and corona discharge treated
PET - Goodfellows PET
The assignment of these peaks has been verified by high resolution ToF-SIMS.
As well as the incorporation o f the nitrogen containing fragments, the peak at m/z = 76, 
which corresponds to the PET fragment CeîLi", can be seen to disappear after corona 
treatment. All the other negative peaks corresponding to PET, that is, m/z =121 and m/z 
= 165, do not significantly change after the treatment process.
Paradoxically, the positive peak at m/z = 149 increases with corona treatment, despite 
the fact that it is characteristic peak o f PET, and most of the other characteristic PET 
peaks decrease after corona treatment. This is more than likely because the peak at m/z 
= 149 could also be assigned to a nitrogen containing fragment, and in the untreated 
PET spectrum the peak at m/z = 149 corresponds to the PET fragment, but after 
treatment, it corresponds to the nitrogen containing fragment.
The changes described above can be seen in the spectra for both Melinex and 
Goodfellows, regardless o f the controlling parameter of the corona treatment process.
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Figure 8.24: Plot of relative intensity of some 
negative ToF-SlMS data against level of 
corona treatment - Goodfellows PET
Plots of the normalised intensities of 
some of these nitrogen containing 
fragments (Figure 8.24) reveal that the 
amount of nitrogen containing species is 
dependent upon the amount of corona 
discharge treatment. A peak is
observable at an Ec of just over 3 kJ m'^, 
and there is an overall increase, reaching 
a plateau at 5.7 kJ m'^.
8.7 ToF-SIMS IMAGING OF CDT PET
ToF-SIMS imaging can be a useful technique to establish whether the ions detected in 
the analysis are uniform across the whole area of analysis. By defining the number of 
pixels in the map, at each pixel point, it is possible to collect ions o f a specific mass, or 
mass range. Thus an image of the distribution o f a specific ion can be obtained.
Figure 8.25: ToF-SIMS map of positive 104 
(top) and negative 18D ion (bottom). 200x 
magnification, i.e. area of approximately 1.2
mm\
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A representative ToF-SIMS map of the peak at m/z = 18 in Figure 8.25, over an area of 
approximately 1.2mm^, show that the intensity of this peak is not uniform across the 
whole surface of the polymer. Although in some cases it is possible that the apparent 
difference in intensities across the area could be accounted for by the topography of the 
surface being analysed, in this case, with such a low magnification, a large variation of 
topography would be necessary to produce such a variation in intensity. This sort of 
topographical effect would be visible to the naked eye, and was not a feature of this 
substrate.
8.8 SURFACE ENERGY
Contact angle analysis was used to determine the surface energy of the corona treated 
PET films. Values for the surface energy, and its polar (yp) and dispersive (yd) 
components were calculated from contact angle data of three or four liquids by using the 
Owens-Young-Wendt equation (the values for surface tensions of liquids used are 
shown in Table 8.1c):
The thi'ee liquids were water, formaraide, and ethane-1,2-diol, and were chosen to best 
highlight the polar and dispersive components of the surface. When four liquids were 
used, di-iodomethane was used as well. The choice of liquids will have a marked effect 
on the results. It is important to use liquids with different polarities, as small errors in 
the input data would lead to large errors in the results if liquids with similar polarity 
were used. The results for increasing power and increasing speed, on the surface energy 
of both Melinex and Goodfellows PET can be seen in Figures 8.26-8.29. The values are 
plotted as energy seen by the surface during treatment. In all cases the surface energy 
increases with increasing Ec. For Melinex PET the surface energy rises from 34 mJ m'^ 
to a maximum of 56 mJ m'^. For Goodfellows PET the surface energy rises from 43 mJ 
m'^ to 56 mJ m'^.
Liquid Yn Yd Ys
Water 51.0 21.8 7Z8
Ethane-1,2-diol 17.4 27.3 47.8
Di-iodomethane 2.3 48.5 50.8
Formamide 2&5 28.7 58.2
Table 8.1c : Values of surface tensions and polar and dispersive components for liquids used in 
contact angle analysis experiments (mN m ') (39)
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Figure 8.26; Surface energy data for corona Figure 8.27: Surface energy data for corona
treated Melinex PET. Controlled by power. 4 treated Goodfellows PET. Controlled by
liquids used for analysis. power. 4 liquids used for analysis.
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Figure 8.28: Surface energy data for corona Figure 8.29: Surface energy data for corona
treated Melinex PET. Controlled by speed. 3 
liquids used for analysis.
treated Goodfellows PET. Controlled by 
speed. 3 liquids used for analysis.
Yp and Yd components o f the surface energy, which can also be seen in Figures 8.25-8.28 
show that not only does Yp increase with increasing power and speed o f treatment, but 
that the Yd decreases, making the relative contribution of Yp even greater.
The behaviour of the Melinex PET with increasing power is irregular when an Ec of 
approximately 2.5 to 4 kJ m'^ is applied. A "peak" occurs in the plots o f both Yp and Yd, 
causing a deviation from the smooth curve for surface energy which might otherwise be 
expected.
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8.9 DEGRADATION OF SURFACE ENERGY AFTER TREATMENT
The surface of PET, after corona treatment, is likely to be able to restructure within a 
short amount o f time, as the PET molecules are very mobile, and there will be a drive 
for the surface to reduce its free energy as much as possible after the corona treatment.
Any changes in the surface during the first few hours after corona treatment, were 
monitored by means o f contact angles o f three liquids, and the polar and dispersive 
components of the surface fi-ee energy were calculated. The plot o f this data for Melinex 
PET (Figure 8.30) shows the polymer surface to be relatively stable for the first two 
hours after analysis, with only a very slight decrease in the surface energy, and yp. This 
is in contrast to the data obtained from Goodfellows PET (Figure 8.31), which although 
showing only a gradual reduction in the surface energy, shows a drastic change in the 
contributions from yp and y .^ yp decreases with corresponding increase in ya to the point '  
where these two contributions are equal, and if this trend were to continue, y<i would 
become more dominant, as it is in the PET before it is corona treated.
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Figure 8.30: Changes in surface energy with Figure 8.31: Changes in surface energy with
time after treatment - Melinex PET time after treatment -  Goodfellows PET
8.10 AFM - MORPHOLOGY
The morphology o f the surface was investigated using contact mode AFM. A soft tip 
was used to minimise the surface damage, and the effect of the contact of the tip was
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investigated, by means of scanning at a higher energy, and seeing if there was any 
difference between the area which had been previously analysed, and the rest o f the 
surface. There was no apparent damage. The images obtained from Goodfellows PET as 
a function of power of corona treatment are presented in Figure 8.32. At low treatment 
energies, the morphology of the treated surface is very similar to that o f the untreated 
surface. As the energy increases, however, a more complicated morphology emerges. 
This appears as spherical, or hemi-spherical particles on the surface. Such a morphology 
can be seen everywhere on the sample after a treatment of 5.7 mJ m'^. At low treatment 
energies it is possible to see some areas which have the globular morphology, and some 
which have the as received morphology, suggesting that the treatment is not 
homogeneous at these energy levels. The same morphology appears after corona 
treating the Melinex PET, as presented in Figure 8.33.
When time is the controlling factor, the resulting morphology is slightly different. 
Instead of discrete globules, there appear to be tracks running along the surface. (Figm e 
834)
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As received 2.25 kJ m
3.0 kJ m-2
5.7 kJ 15 kJ
Figure 8.32: AFM images of Goodfellows PET as a function of treatment power
As received (1 pm )^ 2.25 kJ m^ (1 pm )^ 5.7 kJ m^ (1 pm )^
Figure 8.33: AFM images of Melinex PET as a function of treatment power
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Figure 8.34: AFM image of Goodfellows PET 
treated at a speed of 5 m min * (1 ixm^ )
8.11 RINSING OF CDT PET - AFM AND XPS
As silane adhesion promoters are to be applied to the PET films after they have been 
corona treated, it is important to establish how the surface will be presented to the silane 
solution. For this experiment, the corona treated PET films were immersed in methanol 
and water, in the same ratios as would be in the silane solution. This was effectively a 
control to see what effect the organosilane solution has on the treated polymer surface.
The morphology of the surface changed after rinsing. The globular appearance 
disappeared, but the surface still did not look the same as the untreated PET surface 
(Figure 8.35). Again, this was the case for both polymers.
As received (1 pm )^ 5.7 kJ m^, after rinsing
in methanol and water (1 pm )^
Figure 8.35: AFM images of corona treated Goodfellows PET after rinsing in methanol and water
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Figure 8.36: Comparison of peak fitted €  Is peaks before and after rinsing
XPS analysis of the two polymers reflected the morphology, in that the surface changed 
from the corona treated surface, but did not revert back to the same as the untreated 
surface. The peak fitted C l s  spectra for Goodfellows PET are presented in Figure 8.36. 
In general, the contribution of all the peaks remains the same, perhaps with the 
surprising exception of the increase o f the 04  peak. This peak increases with increasing
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level of corona treatment. It would therefore be expected that this component might be 
as a result o f the chain scission occurring during treatment, which would produce a 
weakly bound layer on the surface. This is evidently not the case, as quantities of C4 
increase after washing the surface. It is interesting to note that the surface analysed after 
washing results in the same contributions o f the components, whether the original 
surface were treated with 2.3 kJ m'^, or 5.7 kJ m'^.
8.12 DISCUSSION
Any observable differences between the two polymers must derive either from the 
difference in thickness between the two films, or from the Melinex PET being already 
corona treated at some time during its manufacture. The latter would result in the 
surface already possibly containing low molecular weight material, and so the initial 
low Ec, may serve only to remove this layer of weakly bound material, and then higher 
energies would "re-corona" treat the surface. The thickness of the film is only likely to 
have an effect because o f the effects o f the static build up during corona treatment. The 
main difference which is apparent between the two samples is that the angle resolved 
XPS shows more of an orientation effect for the Goodfellows PET than for the Melinex 
PET. The changes which are taking place are essentially the same in terms of the 
morphology and the spectroscopy of the two films.
The 03 and 0 4  peaks observed with corona treatment are likely to be due to oxidised 
polar species being introduced onto the surface o f the PET. In the difference spectra for 
O Is reported by Briggs et al. (66), only one extra peak was observed, which was 
attributed to phenolic -OH, occurring at a binding energy of approximately 532.8eV.
ToF-SIMS reveals no peaks which can be unambiguously attributed to the formation of 
phenolic -OH. However, the treated surface of PET ages rapidly, and the ToF-SIMS 
analysis was performed several days after treatment, as opposed to hours after treatment 
for the XPS analysis. The lack of peaks due to the oxidised functional groups may be 
caused by reorientation and migration of the oxidised species.
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The component of the C Is peak observed at 287.0 eV is very close to that quoted by 
Briggs et al. (66) corresponding to phenolic -OH. This would support the mechanism of 
corona treatment of PET put forward by Owens et al (See Figure 8.39). In his study 
Briggs also identified a component due to a free carboxylic acid end group occurring at 
a shift o f 4.2eV from the peak due to the aromatic carbons. The peak which occurs close 
to this value on the PET in this study, increases in contribution to the area of the C Is 
peak after treatment. However, it is also present on the original analysis. This could 
possibly be explained by the polymer chains being terminated by a caiboxylic acid end 
group. No loss of satellite is observed after corona treatment, which indicates
that there is no loss o f the aromaticity, i.e. ring opening.
O O H H O o H H
i l  II ^  II I I—c—\ 0 ) —c —o — c — c — o — —c —(O /—c ' + ' o — c — c — o —
I I  ^  I I
H H H H
II _  H II _
— .  — c - 4 Q > '  4- CO
O o
Figure 8.39: Mechanism of production of phenolic -OH by corona treatment, as proposed by Owens
et al. (87)
The peak C4 occurs at a binding energy o f 285.0 eV, which is the energy for aliphatic 
hydrocarbons. As there are no aliphatic hydrocarbons in the PET molecule, this peak 
may be caused by hydrocarbon contamination on the surface o f the polymer, which will 
increase after treatment due to the higher energy surface adsorbing more environmental 
contamination, or jftom rinsing. Another explanation for subsequent increase o f this 
peak after treatment could be attributed to one of the products of chain scission during 
treatment being an aliphatic carbon chain, thus adding to the contribution of this 
component to the C Is peak. The former explanation is the more likely from the 
mechanism of chain scission suggested later in this discussion. Further evidence that 
this is material which is present on the surface, and increases at the surface after 
treatment is the huge increase in contribution of this component as the analysis becomes
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more surface sensitive. However, although the presence of C4 is obviously created by 
surface treatment, it is not removed by washing the surface, and so is unlikely to be a 
contributor to the low moleculai' weight oxidised material which is discussed later in 
this section.
A summary of the assignments o f the components o f the C Is XPS spectra is presented 
in Table 8.2.
Component B E (eV) Possible assignment
Cl 284.7 Aromatic carbons
02 286.3 -CH2O
C3 288.7 -c=o
04 285.0 Hydrocarbon contamination/aliphatic 
hydrocarbons
C5 287.0 Phenolic -OH
C6 289.0 Free carboxylic acid end groups
C7 288.3 Only appears in Melinex PET
Table 8.2; Assignment of C Is components.
Assignments of the O Is peak components are more complex than for the C Is peak. 
The as received PET for Goodfellows PET shows only the presence of the peaks 01 and 
02 , which correspond to -C = 0  and -COCH 2- in the PET structure. The values for these 
correlate well with those quoted in the standard spectra for PET (64). It is clear that two 
new peaks, 03 and 0 4  are introduced as a result o f corona treatment o f the surface, and 
are already present on the surface o f the Melinex PET. From the assignments of the C 
Is peak, one o f these peaks corresponds to the phenolic -OH, and one to the carboxylic 
acid end group, which are the main changes observed in the C Is spectrum after corona 
treatment. The plots of the O Is components showed that as O l decreased, 03 
increased, and the same is true for 0 2  and 04 . From the proposed mechanism of corona 
discharge treatment later in this discussion, it is likely that 0 4  is the carboxylic acid end 
group, and 03 is the phenolic -OH. The assignments of these components are 
summarised in Table 8.3.
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Component B.E (eV) Possible assignment
01 533.2 -c = o
02 531.6 -COCH 2-
03 533.9 -COOH
04 532.0 Phenolic -OH
Table 8.3: Assignment of O Is components.
Valence band spectra were obtained for all of the XPS analysis which has been 
presented in this chapter. However, they did not yield much information in most cases, 
possibly due to the dominance of the O 2s peak at 25 eV, whether the sample is treated 
or not, and the peaks are very low intensity, which means that small changes are 
difficult to detect. Foerch et al. (72) have published valence band spectra of low density 
polyethylene and polypropylene in which the differences between treated and untreated 
samples were much more obvious due to the incorporation of oxygen, which cause the 
O 2p character of the treated surface to appear in the valence band spectra below 10 eV, 
and the O 2s at approximately 25 eV.
The reason for the peak of the surface energy data in the power range which produces 
energy of 2.5 to 4 kJ m'^ is not entirely clear. The power at which this anomaly occurs 
has been seen in the AFM images to produce a variety of surface morphology. Some 
areas appeared to be comparable with those treated with the highest energy, and as the 
values for the polar and dispersive components are also comparable, a possible 
explanation is that the irregular result is caused by inhomogeneous surface treatment. It 
is unlikely that the inhomogeneity of the surface only occurs at this power setting. What 
is more likely is that the effect is greatest at this power. At higher energies, with more 
power being passed through the electrode, the previously "untreated" areas become 
relatively more treated, and so the difference is not as noticeable. At lower energies, 
none of the surface becomes highly treated, and so again, the effect is not as noticeable. 
More evidence that this inhomogeneous surface is maximised at this particular energy is 
that the anomaly does not occur when the PET film is passed through the corona twice 
in quick succession. This will have the effect of equalising the surface and may serve to 
homogenise the surface.
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It has not been established if this anomaly is a feature of this corona treater. In any 
corona treater the corona is visible, and the discharge is often concentrated into 
localised areas for very short times. This will have more of an effect at low energies, as 
at higher powers, less localisation o f the corona treatment is apparent. The SIMS 
mapping of the nitrogen containing fragments also supports the theory of 
inhomogeneous treatment. If the morphology is an effect caused by the localised corona 
treatment, either because of a higher concentration of energy producing more 
LMWOM, or even localised melting of the polymer surface, this would explain why 
treatment at higher speeds results in the track-like morphology observed, as the 
localised energy remains in contact with the surface as the surface moves under it.
Corona treater
Corona discharge
Localised discharge
Positive electrode
Negative electrode
PET Film
Figure 8.40: Schematic diagram of corona discharge treater, demonstrating the possible reason for
inhomogeneous surface treatment
However, all the surface energy data needs to be interpreted with extreme caution. The 
method of contact analysis does have some disadvantages, in that the theory is based 
upon the liquid being in equilibrium with the vapour, which is not possible in a system 
which is open to the atmosphere. Consequently, the method may well be dependent 
upon external influences, such as relative humidity and temperature. It is certainly true 
that different liquids used in the analysis produce different results, not necessarily in the 
calculation of the overall surface energy, but for the calculation o f the components of 
the surface energy. It is possible to select liquids which will display the components 
which are required on the surface. However, this does not make the analysis incorrect, 
although it does means that it is very important to quote the liquids used in the analysis.
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The discrete spherical particles observed by AFM for the highly treated surfaces have 
been reported by several other authors on the surface of corona treated polyolefins (68, 
75). In these studies the globules have been attributed to low molecular weight oxidised 
material on the surface. The explanation given for the globular appearance o f the 
LMWOM is that it is energetically unfavourable for high surface energy substances to 
interact with the lower surface energy polyolefin substrate. Washing of the surface in 
polar solvents, did lead to the removal of the large globular features, but the surface did 
not look like that o f the untreated polymer, instead much smaller globular features were 
seen with diameters of just a few hundred nanometres.
It is very likely that the globules on the surface of PET can be attributed to the same 
process, despite the higher surface energy of the as received substrate. The effect of 
immersing the polymer in the methanol and water solution is the removal of the 
globules from the surface. However, the fact that the surface still is not the same as the 
original means that the corona treatment has more o f an effect on the surface than just 
the production of the low molecular weight oxidised material.
An important observation o f the results presented in this chapter are that the speed and 
power controlled treatment are interchangeable in terms of the amount of oxygen 
incorporated into the surface during corona treatment. What is important fiom this 
perspective is the Ec, and not the speed or the power with which it is delivered. 
However, the morphology of the surface does change depending on the controlling 
parameter. The different morphology observed in the speed controlled treatments could 
be as a result o f a longer dwell time o f the corona discharge on any particular* point, or 
could be an in between stage which is not seen in the range analysed from the power 
controlled tr eatments. The longer dwell time o f the corona may lead to globules on the 
surface which are closer together, and therefore spread into each other, creating the 
track-like appearance which is seen on the speed controlled surface. If the surface 
morphology is a result o f low molecular weight oxidised material on the surface which 
is removed by washing the samples in water or methanol, regardless of the speed or 
power of treatment, then the different morphology of the surface is not relevant.
XPS analysis of the surface of the corona treated PET after rinsing in methanol and 
water show that the surface o f the PET is largely unchanged from that of the unrinsed
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sample, with the exception of the C4 component. The relevance of rinsing the samples 
in methanol and water was to establish what surface was presented to the silane 
solution, which contained methanol and water. The fact that the higher corona treatment 
resulted in the same smface composition after rinsing is very interesting, as it would 
suggest that a corona treatment higher than 2.3 kJ m'^, would not be necessary, if  it is to 
be placed in such a solution, which would rinse off the excess LMWOM.
The observations of the surface after rinsing, and any conclusions drawn from this pait 
o f the study can only be used in relation to the adsorption of silane if  the assumption is 
made that the presence of the silane in the solution will not effect the washing 
mechanism of the methanol and water.
ToF-SIMS analysis shows the incorporation of nitrogen containing groups on the 
treated surface of the PET. However, XPS analysis has not shown any evidence of 
nitrogen, except for slight traces within the background of the spectrum at the most 
surface sensitive angle o f analysis (15°). Although XPS is not as sensitive to nitrogen, 
the reason for the difference between the two analysis methods is more likely to be due 
to the differences in the depth of analysis o f the two methods. Tliis implies that the 
quantities of nitrogen on the surface are not very high, or very deep. It is also possible, 
although less likely, that the appearance o f the nitrogen on the surface occurs as a 
function of time after the corona treatment, either due to surface segregation o f additives 
included in the bulk PET, or as a result o f reorientation of the higher energy functional 
groups introduced by corona discharge treatment. Briggs et al. (6 6 ) observed the 
presence of nitrogen on the surface o f PET using XPS, and found that the quantities of 
nitrogen changed over a period of time after treatment. Although this was not explained 
in this paper, it was stated that the levels o f nitrogen were very low, and therefore it is 
unlikely that these groups play a role in surface interactions. However, the presence of 
some nitrogen groups need only be present in extremely small amounts to have a 
profound effect upon the adhesion properties o f the polymer film. For example, NH4 
and NO2  groups may interact with the catalyst in some adhesive systems, and prevent 
adhesion occurring. Although both these groups have been identified in the ToF-SIMS 
spectra after corona treatment, the effect o f the presence of these groups has not been 
established.
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It is also noticeable that the plot of the relative intensity of the nitrogen containing 
fragments, corresponds with the increase in polar components of the surface energy 
data. The reason for this could be that the nitrogen containing components are 
responsible for the increase in the polar energy. However, the incorporation of oxygen, 
and the lack of presence o f the nitrogen in the XPS analysis suggest that it is more likely 
that during corona treatment, a combination of oxygen and nitrogen is incorporated into 
the surface, with the former being the greater. The plots of nitrogen fragments and polar 
surface energy only coincide by virtue o f the increase corresponding to the higher 
surface energy displayed in a certain energy region, as described above, during which 
all incorporation is uncharacteristically high.
The main reason for establishing the trend in the change of surface energy of the two 
polymers, is that the XPS analysis is carried out approximately two hours after the PET 
is corona treated. Surface energy measurements are one way in which the changes in the 
surface during this time can be monitored relatively easily, subject to the restrictions 
described above.
If only surface energy is considered, the effect of ageing within the first few hours 
(Figures 8.30 and 8.31) is negligible. However, contributions of the polar and dispersive 
components o f the surface energy for Goodfellows PET changes drastically during the 
first few hours, and consequently, the XPS spectra obtained will also have been 
subjected to these changes. The cause o f the change o f surface energies seen in the 
Goodfellows PET is very likely due to the orientation of the relatively mobile polar 
oxidised groups which are introduced during corona treatment (74). The reason that this 
change is not also seen for Melinex PET must be because this PET is already corona 
treated.
This chapter has served to characterise the surface o f the PET film after it has been 
corona treated. A proposed mechanism for the corona discharge treatment o f PET is 
presented in Figure 8.41.
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Figure 8.41; Summary of proposed mechanism of corona discharge treated PET film
The main reason for this characterisation was to subsequently investigate the interaction 
of the organosilanes with a surface o f even higher surface energy and polar energy than 
the PMMA and untr eated PET, with the result o f more sites available for adsorption on 
the surface, and hence a higher level o f silane adsorbing onto the surface. A secondary 
result of this chapter is the provision of a detailed characterisation o f the corona 
discharge treatment o f PET, which has very large implications for industry. The 
superposition of the speed and the power of treatment is significant, as is the presence 
o f nitrogen on the surface, which was observed in the ToF-SIMS spectra. From the 
point of view of the adsorption of organosilanes, the XPS work presented in this chapter 
has identified the components of the C Is spectrum which were introduced or increased 
during corona treatment, and will be the sites for the adsorption of the organosilane 
molecules. The effect o f immersion o f the treated film into the organosilane solution has 
also been established, so that the nature o f the surface presented to the silane is known. 
The results from this chapter will be used to interpret the data o f adsorbed organosilane 
presented in Chapter 9.
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CHAPTER 9
ADSORPTION OF ORGANOSILANES ON CORONA 
DISCHARGE TREATED POLY(ETHYLENE 
TEREPHTHALATE)
9.1 INTRODUCTION
It was concluded in Chapter 7, that the untreated PET surface did not serve the purpose 
of providing a substrate which could be used to study reproducible interactions of 
silanes with polymers, with a high level of silane adsorption. The reasons for this were 
discussed and were largely attributed to the low surface energy of PET. In this chapter, 
the surface of the PET was corona discharge treated to increase the surface energy 
before application o f the organosilane.
The corona discharge treated surface was characterised in Chapter 8. The purpose of 
this chapter is to investigate the interaction o f organosilane adhesion promoters with 
these surfaces, which are o f a higher surface energy than those previously studied in the 
earlier chapters of this thesis. It would therefore be expected that more silane would be 
able to adsorb onto the surface, mainly by means of interaction o f the silane molecules 
with the polar groups which are introduced during the surface treatment.
Angle-resolved XPS has been used to attempt to establish the orientation of the silane 
molecule at the surface, ToF-SIMS analysis has also been carried out and ToF-SIMS 
mapping has been used to identify the homogeneity of the surface coverage onto the 
PET.
The silanes investigated in this chapter were DAPMS and ADES, the former having two 
amine groups, and the latter having two methoxysilane groups. The PET which was 
used as the substrate for this investigation was from Goodfellows, as all o f the
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components of the peaks have been identified, and this is not the case for the Melinex 
PET.
9.2 XPS OF SILANES ON CDT PET
0 1 9
C Is
NU
^Si^2p
Si2p N Is
Figure 9.1: Survey and high resolution spectra of DAPMS on corona discharge treated PET
O l s
C I S
N Is
Si2p N Is
Figure 9.2: Survey and high resolution spectra of ADES on corona discharge treated PET
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The survey spectra and high resolution spectra for Si 2p and N Is, are presented in 
Figure 9.1, for the DAPMS, and in Figure 9.2 for ADES. In the survey spectra of both 
of the silanes, the peaks for Si 2p and N  Is at 102 eV and 401 eV respectively can be 
seen very clearly, along with the C Is and O l s .
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Figure 9.3: Uptake of DAPMS on corona 
discharge treated PET as a function of E^ .
Quantifying these spectra allows for the 
construction of a plot of silane uptake as 
a function of power of corona. Such a 
plot is presented in Figure 9,3 for 
DAPMS, and Figure 9.4 for ADES. The 
main observable difference between the 
adsorption characteristics of the two 
silanes is that the ADES, although the 
amount of silicon and nitrogen at the 
surface does increase slightly with 
increasing levels of corona, the as 
received sample shows a presence of
N  I ssi2p large amounts of the silane. In contrast 
to this, DAPMS displays extremely low 
levels of adsorption on the as received 
sample, but after treatment, the levels 
remain fairly constant, especially in the 
plot of N Is. The plot of Si 2p shows a 
peak at just under 5 kJ m’^ , and 
subsequently remains constant. It is possible that the peak is caused by optimum corona 
treatment conditions, allowing the most orientation of the molecule, before the 
chemistiy o f the surface is complicated by effects o f morphology.
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Figure 9.4: Uptake of ADES on corona 
discharge treated PET as a function of Eg.
9.3 ANGLE RESOLVED XPS OF SILANES ON PET
Angle-resolved XPS can be used to produce a depth profile o f the surface, and allows 
conclusions to be drawn about the orientation o f the molecules on the surface, within a 
thin adsorbed layer.
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The analysis of the silanes adsorbed onto corona discharge treated PET was carried out 
at three angles, 90°, 45°, and 15°, with the latter being the most surface sensitive. 
Examples of two of the angles o f analysis for DAPMS on PET treated with a corona of 
energy 2.25 kJ m'^ are presented in Figure 9.5. From these survey spectra the increase in 
the intensity of the silicon peaks as the angle becomes more surface sensitive, can be 
obseiwed.
I
a) b)
Figure 9.5: Angle-resolved survey scan of DAPMS on CDT PET: a) 90®; b) 15°
This increase in intensity can be seen in the quantified XPS data presented in Table 9.1 
for DAPMS, and Table 9.2 for ADES. For the ADES, in all cases, except the most 
corona treated surface, the amount o f silicon and nitrogen increase as the analysis 
becomes more surface sensitive, as would be expected. However, the silicon to nitrogen 
ratios changes with angle and as the analysis becomes closer to the surface, the silicon 
peak becomes more dominant. This is also the case for the DAPMS adsorbed onto the 
PET. Although the levels o f silane are very low on the as received PET, the orientation 
effect o f this molecule can still be observed. After the surface has been treated with an 
Ec o f 5.7 kJ m'^, the increase in the Si:N ratio at the surface is no longer as noticeable. 
This change coincides with the observed plateau in the plot o f Si against Ec, which was 
mentioned in section 8.2.
Stratification is a method o f analysing angle-resolved XPS data. It makes use of the 
intensity obtained from two angles o f analysis, in this case 15° and 90°. This means that 
the amount of detailed information required by the computer is minimised, thus 
simplifying the calculations involved. Instead of an entire plot o f concentration vs. 
depth, the stratification method calculates the average depth o f each layer, and the
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relative quantity of material in each layer. This method allows the inclusion o f all the 
species which are found on the surface. The results are plotted in a form analogous to a 
chromatogram. Coloured bai*s represent the average depth of each layer, while the area 
represents the relative quantities of each species. The thickness of the layers is not 
known without further calculation, so plotting a depth concentration profile would be 
misleading. The stratification of this data was carried out using ARCtick spreadsheet, 
which was developed by NPL (119).
ENERGY ANGLE N Is Si 2p Si:N
As received 90° 1.0 0.5 0.5
45° 1.7 1.7 1.0
15° 0.9 3.0 3.2
2.3 kJ m ^ 90° 3.1 5.6 1.8
45° 4.3 7.9 1.9
15° 4.5 14.1 3.1
4.0 kJ m ^ 90° 3.2 6.8 1.4
45° 4.6 8.2 1.4
15° 3.9 10.9 3.3
5.7 kJ m^ 90° 3.0 4.1 1.4
45° 4.1 5.1 1.2
15° 6.0 11.0 1.8
15.0 kJ m ^ 90° 4.8 4.5 0.6
45° 5.7 7.5 1.3
15° 8.2 12.8 1.6
Table 9.1; Quantified angle-resolved XPS data from DAPMS on corona discharge treated PET
ENERGY ANGLE N Is Si2p Si;N
As received 90° 3.4 6,3 1.9
45° 3.9 7.2 1.9
15° 5.2 11.8 2.3
2.3 kJ m ^ 90° 3.7 7.0 1.9
45° 4.4 8.5 1.9
15° 4.5 12,7 2.8
4.0 kJ m^ 90° 3.1 6.8 2.2
45° 3.4 8,2 2.4
15° 5.25 10.9 2.1
5.7 kJ m‘^ 90° 3.6 6,9 1.9
45° 4.6 8.9 1.9
15° 5.1 13.0 2.6
15.0 kJ m^ 90° 4.6 9.2 2.0
45° 6.1 14.2 2.3
15° 6.5 15.7 2.42
Table 9.2; Quantified angle-resolved XPS data from ADES on corona discharge treated PET
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Figure 9.6: Stratification of XPS data of DAPMS on corona discharge treated PET
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Figure 9.7: Stratification of XPS data of ADES on corona discharge treated PET
Stratification of the data from DAPMS and ADES are presented in Figures 9.6 and 9.7. 
These diagrams are a graphical representation of the data in Tables 9.1 and 9.2. The 
differences between the adsorption characteristics of the two silanes can easily be 
observed from these diagrams. For DAPMS, at the lower energy, the bars representing
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silicon and nitrogen are clearly distinct from each other, with the silicon being closer to 
the surface than the nitrogen. At the higher level of corona treatment, although the Si is 
still slightly closer to the surface, the two bars for silicon and nitrogen are at 
approximately the same place.
For ADES, the representation of the silicon and nitrogen show them to be both in the 
same region of the depth, regardless of the level of corona treatment, but always with 
the silicon slightly closer to the surface.
9.4 PEAK FITTING OF N Is SPECTRA
N2
Binding Energy (eV)
It became clear from the change in shape 
of the N Is peak o f DAPMS adsorbed on 
corona discharge treated PET, that some 
information on the interaction o f the 
adsorbing organosilane was incorporated 
into the peak. An attempt was made to 
extract this information from the peak 
shape by using peak fitting techniques.
The peak fitted high resolution N Is 
peaks can be seen in Figure 9.8 for the 
two angles o f analysis 90° and 15°. The 
peak have been fitted with three 
components, N1 at 398.7 eV, N2 at 
399.4 eV, and N3 at 400.7 eV.
As the analysis becomes more surface 
sensitive (i.e from 90° to 15°), the 
change in shape o f the N Is peak 
becomes apparent, with the N3 peak on 
the high binding energy side o f the N Is peak, decreasing closer to the surface. The 
reduction in the percentage contribution o f peak N3 to the N Is is not high, only about
Figure 9.8: Peak fitted N Is spectra of 
DAPMS on corona discharge treated PET: a) 
90°; b) 15°
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2%, but it may indicate an orientation of the organosilane molecule with respect to the 
surface of the PET, These peaks are assigned in the discussion in section 9.8.
9.5 TOF-SIMS IMAGING OF SILANES ON CDT PET
N l n s s  j X M ;! s s
Mas< 14;
Figure 9.9: ToF-SIMS mapping of fragments corresponding to silanes on corona discharge treated 
PET (Magnification = x200; each map represents 1 pm )^
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The peaks corresponding to the presence of DAPMS on the surface have already been 
established in an earlier chapter. ToF-SIMS mapping of these peaks allows the 
homogeneity of the surface coverage of silane to be revealed. Such maps for masses 28, 
39, 73, 135 and 147 can be seen in Figure 9.9. The maps show that the coverage of 
silane on the surface of the corona discharge treated PET is not homogeneous. All the 
peaks which have been attributed to the silane, show the same map, with a large feature, 
which is in the order of millimetres.
Although the maps presented are for a corona treatment of 2.25 kJ m'^, similar maps can 
be obtained for any of the corona discharge treatments, including the most corona 
treated ones.
9.6 UPTAKE CURVES OF ORGANOSILANES ON CORONA TREATED PET
In adsorption studies, it is important to take into account the kinetics as well as the 
thermodynamics, and so a kinetics curve was established by taking one concentration of 
silane, in this case 5 wt% was chosen, and varying the length o f time allowed for the 
kinetics to take place. The results o f the kinetics experiment for Z6021 are shown in 
Figure 9.10.
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Figure 9.10; Kinetic plot for DAPMS on Figure 9.11; Uptake curve of DAPMS on 
corona discharge treated PET corona discharge treated PET
This revealed that the silane is adsorbing almost instantly to the treated PET, and then 
remains fairly constant. Again, 5 minutes o f immersion was used for the uptake curve in 
Figure 9.11.
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For all the concentrations of DAPMS, the amount of silicon detected on the surface was 
approximately the same, i.e. 1.5 at% silicon. Again, this does not allow the fitting of the 
data to an isotherm, but does show that the adsorption reaches a maximum, even at the 
lowest concentrations.
9.7 THICKNESS OF SILANE LAYER
Establishing the thickness of an overlayer, with knowledge of the adsorbing molecule, 
can lead to information on the structure o f the overlayer, and orientation of the 
molecule. The thickness o f the overlayer can be obtained by the use of the Beer- 
Lambert equation:
Id =
Where Ia>= the intensity of the signal firom an infinitely thick layer of organosilane 
Id = the intensity of the Si 2p peak fi"om the organosilane adsorbed layer 
A, = the inelastic mean free path of the emitted electron in the overlayer 
0 = is the electron take-off angle (defined as being relative to the sample 
surface)
This can be rearranged to give:
in(l/(l-(Id/Ioo)) = d/(Asin0)
Therefore, a plot of lnl/(l-(I<j/Ioo)) on the y-axis, against l/sin0 on the x-axis, will give a 
line with a gradient o f d/X. As À is a known parameter (A, = 3.5 nm was used for this 
calculation (120)), the thickness of the layer d can be calculated.
An example of such a calculation for the data obtained for organosilanes on corona 
discharge treated PET is shown in Figure 9.12. The average thickness o f the overlayer 
was calculated to be 2.0 nm.
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Gradient = 0.585 
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F ig u r e  9 .1 2 : E x a m p le  o f  p lo t  u s e d  to  c a lc u la te  s i la n e  o v e r la y e r  th ic k n e s s .
9.8 DISCUSSION
o o —
The angle resolved XPS analysis all points to the adsorption of the aminosilane 
molecule at the surface with the nitrogen end o f the molecule interacting with the 
corona treated surface and the silicon end uppermost. Such an interaction with the polar
groups on the surface o f PET is shown schematically in Figure 9.13. This has been
reported for silanes on several different
Ô substrates including aluminium (55) and
1 on stainless steel (54). In both, the 
nitrogen group was found to contain a 
component which was attributed to the 
protonated amine group. However, 
Homer et al found that if  the samples 
were rinsed with distilled water, the 
component at the higher binding energy, 
which was attributed to the protonated 
amine group was seen to increase 
considerably, especially when the take­
off angle was 75°. The conclusions
«IH
Polar acidic groups 
introduced by CDT
F ig u r e  9 .1 3 : P r o p o s e d  in te r a c t io n  o f
o rg a n o s i la n e  m o le c u le  D A P M S  w i th  c o r o n a  
d is c h a r g e  t r e a te d  P E T .
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drawn from these results were that the extent o f amine protonation was greater near the 
surface of the metal. Lianos et al concluded that the silane was randomly oriented 
because there was no change in the ratios of the protonated amine and the amine. The 
study by Lianos et al was carried out on thick layers of unrinsed samples, and so it was 
not surprising that the layers appeared to be randomly oriented. The results suggest that 
the orientation of the aminosilane molecule is perpendicular to the surface with the 
amine end of the molecule becoming protonated as it interacts with the hydroxyl groups 
on the surface of the substrate.
In the case of the PET surface, the groups that the silane is interacting with, must be 
polar or acidic groups which were introduced onto the surface during the corona 
discharge treatment. However, the silane also adsorbs, albeit in considerably smaller 
quantities onto the as received PET. This implies that the groups with which the silanes 
are interacting are increased after corona treatment, but that there are some present on 
the as received surface.
Evidence that the silane molecules are oriented with the amine group at the interface is 
also offered by the data which has been processed using the Arctick spreadsheet. This 
representation o f the surface of the sample quite clearly shows that the silicon and the 
nitrogen are distinct from each other, in particular for the silanes adsorbing to the less 
corona treated surfaces.
The N I s  spectrum of the corona treated PET with adsorbed organosilane was found to 
contain three peaks (Figure 9,8). These peaks labelled N l, N2 and N3 correspond the 
amine located at the centre o f the DAPMS molecule, the amino end gioup, and a 
protonated amino group. The shifts between each of the nitrogen species is 0.7 eV 
between the mid-chain amine and the amine at the end of the molecule, and 1.3 eV 
between the end-chain amine and the protonated amine. The peak shift of 1.3 eV is 0.6 
eV less than the peak conesponding to the protonated amine found by Homer et al. (55) 
for APS on aluminium. This is explained by the weaker interaction o f the amine group 
when it is influenced by the polai* surface groups of the PET as opposed to the stronger 
influence o f the aluminium oxide surface. Although it has not been resolved within the 
N I s  peak, it is likely that not all o f the interactions are by protonated amines, and there 
is likely to be a weaker acid-base interaction with some of the groups on the surface
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which are introduced by corona discharge treatment. However, this type of interaction 
would result in a secondary shift on the N atom, which would produce only a very small 
binding energy difference, which it is not possible to resolve within the N Is peak. 
Therefore, the peak N2 represents the primary amine groups which are interacting with 
the polar groups on the surface of the treated PET, and also those which are not 
interacting. From this data it is not possible to distinguish between the two. The specific 
interactions o f the organosilane molecules with the groups introduced by corona 
discharge treatment are discussed in Chapter 10.
An added factor which may cause higher levels of adsorption on the treated PET, as 
opposed to the as received PET, is the electrostatic forces which are imparted to the 
surface with corona treatment. The PET film was placed into the silane solution 
immediately after it had been treated, so the film may not have had sufficient time to 
discharge the static electricity which would have been introduced during the treatment. 
This may aid the amino interaction and order the molecule at the surface. It should also 
be noted that the deterioration effects which were observed in the Goodfellows PET 
within the first few hours after treatment would not have had an effect here, and 
therefore the polar contribution to the surface energy would be extremely high.
The silane layer was found by ToF-SIMS imaging to be inhomogeneous. The reasons 
for this inhomogeneity could be because the corona treatment is not uniform across the 
surface. This has been shown to be the case by ToF-SIMS imaging in the previous 
chapter. This means that the adsorption of silane can be used as an indicator for corona 
discharge treatment, as the peaks mapped after the application of the silane are stronger 
than the nitrogen fragments imaged before in Chapter 8. There was also some doubt as 
to the origin, and time dependence o f the nitrogen fr agments, thus making the imaging 
of the silane a more reliable indicator o f the location of the higher energy areas.
However, establishing that the silane layer is not uniform across the surface, means that 
the technique used to establish the thickness o f the layer on the surface, i.e. the Beer- 
Lambert law should not be valid under such conditions. The assumption implicit in the 
Beer-Lambert calculation is that there is a uniform coverage o f the attenuating species. 
The Beer-Lambert plots, however, calculate the layer thickness as 2 nm. This value 
represents an average value and is reasonable when compared with that obtained for
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GPS on a steel substrate, which was found to be 1.7 nm, although o f uniform coverage 
(42). The DAPMS molecule is slightly longer than that of the GPS molecule (1.3 nm).
The behaviour o f the ADES silane is very difficult to explain. Similar quantities of 
silane are found to be present regardless of the corona treatment, even on the untreated 
sample. This implies that a different mechanism is taking place. The ADES molecule 
has been found to condense instantly in the presence of water. This means that after the 
solution has been standing for one hour, some very large polymeric molecules will be 
present in the solution. Therefore, these large molecules may need very few adsorption 
sites to anchor them to the surface, and the untreated PET has sufficient. Also, the 
ADES molecule does not have a basic amino end group, so the interaction must be 
different the that o f DAPMS.
The implications of this type o f interaction may be very large in terms of the industry 
which is using this silane, as it means that the PET does not need to be corona treated 
for high levels of adsorption to take place on the polymer surface, which reduces the 
number of processing steps, and in turn reduces processing costs. However, it would 
need to be established if  this silane layer was strong enough to enhance the interfacial 
bond strength, or whether it would act as a weak boundary layer.
It has been suggested in many publications that the removal o f the low molecular 
weight oxidised material (LMWOM) on the surface of the PET after corona treatment, 
would mean that the surface underneath would be the same as the untreated PET (66, 
74). This is quite clearly not the case, as it has been shown that the LMWOM on the 
surface after treatment can be washed off by methanol and water, and that the XPS 
analysis was not the same as for the as received PET. Further evidence that the surface 
does not revert back to the same as the untreated PET is suggested simply by the fact 
that so much DAPMS has adsorbed on the surface after corona treatment.
The uptake plot of DAPMS on corona treated PET, shows that the maximum levels of 
adsorption are reached almost immediately with the lowest concentration o f silane. The 
relevance o f this in an industrial environment, is that very low levels, i.e. less than 0.5 
wt% are required to effectively saturate the surface, after the surface has been corona 
treated.
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The levels of silicon observed in this plot, however, are considerably lower than those 
obtained previously, in the plot of the uptake of silane with increasing levels of corona 
treatment. In the former the amount o f silane is approximately 1.5 at%, whereas in the 
latter the level o f silicon for this same Ec (2.25 kJ m'^) was 5.5 at%. If this was an effect 
of the inhomogeneity of the corona treatment, the levels of silicon detected in either of 
the plots should stand out as an anomaly within the data set. As this is not the case, the 
reason for the significantly different levels of silicon, must be a result of the silane 
chemistry, once again. It is important to note that angle-resolved XPS shows orientation 
in both of these sets of data.
An attempt to confirm the orientation of the silane molecules on the treated PET surface 
was carried out by applying a thin layer of sealant. The formulation of the sealant was 
such that as it cured it would react with any unreacted silanol groups, which would be 
present at the surface of the layer if the molecules were oriented in the way that has 
been suggested. The removal of the sealant layer by peeling should lead to the removal 
of the silane layer from the corona treated surface, by virtue of the fact that the covalent 
bonds formed between the sealant and the silanol groups would be stronger than the 
protonated amine bonded to the polar groups o f the PET. This would mean that analysis 
of the interface would lead to the detection o f nitrogen on the sealant surface, and the 
removal o f most, if  not all o f the silicon signal from the PET surface. The experiment 
was not successfril, but despite this, the idea behind the experiment was sound, and 
more time spent developing the methodology of such an experiment could lead to a 
wealth of infoimation about the interaction of the silane with both the sealant and the 
treated PET surface.
The results presented in this chapter have shown that organosilane will adsorb on low 
energy substrates in an ordered way, if there is a sufficient aerie density of sites 
available for adsorption. The surfaces o f the PMMA and untreated PET had too few 
sites for adsorption o f the silane, but corona treatment, although increasing the surface 
energy only slightly, changed the surface chemistiy enough to make the adsorption of 
the silane molecules more favourable than remaining in solution. Proposed theories of 
adsorption of organosilanes on low energy substrates, combining all the ideas suggested 
in Chapters 4 to 9, are discussed in the following chapter.
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CHAPTER 10 
THE ADSORPTION OF ORGANOSILANES ON LOW 
ENERGY SUBSTRATES
10.1 INTRODUCTION
The previous six chapters have documented the work carried out during the course of 
this study, in an order o f progressive understanding and insight into the adsorption of 
organosilanes with low energy substrates. The substrates investigated can all be 
categorised as low energy substrates (<100 mJ m" )^, but the energy of the surface has 
been increased with each change of substrate, which was invaluable in achieving the 
results presented in the last chapter (Chapter 9).
This chapter is presented as a discussion of the results presented within the whole of this 
thesis, and how they can be interpreted in terms of the adsorption o f organosilanes on 
low energy substrates.
10.2 SPECIFIC INTERACTIONS WITH LOW ENERGY POLYMERS
Traditional theory (14, 17, 121-123) has suggested that the way organosilanes interact 
with a surface is by the formation o f covalent bonds between hydrolysed but 
uncondensed silanol groups with hydroxyl groups present on the surface, which 
subsequently condense across the surface by means of the remaining silanol groups. 
Evidence of the Fe-O-Si bond has been found for the interaction of organosilanes with 
iron substrates (24) and the Si-O-Si for bonding onto glass substrates (3-7). However in 
most cases on the surface o f a polymer, there will be few hydroxyl groups present, and 
they will also be more stable than those present on a hydrolysed metal surface. There 
are very few other reactive sites with which the organosilane can interact. Despite this.
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organosilanes used as adhesion promoters in sealants for polymer to polymer adhesion, 
do increase the levels of adhesion displayed.
The results from the work carried out within this thesis have shown a large amount of 
variability in the levels of silane adsorption, which was initially assigned to the great 
number of factors which affect the solution chemistry of organosilanes. However, if  this 
were the sole reason for the problems encountered, then this would also be true for the 
investigations o f organosilanes on iron, and higher energy substrates. In the work 
presented here, as soon as the surface was corona treated, the levels of organosilane 
increased drastically, eliminating much of the variability experienced in the 
investigations o f the lower energy substrates, and also interacting with the substrate in a 
preferred orientation. This suggests that the variability seen in the work with the lower 
energy substrates was caused by the low number of sites available for adsorption of the 
silane, on such low energy polymers.
Although corona discharge treatment does increase the suiface energy of the polymer, 
the overall increase in the surface energy for the Goodfellows PET was about 13mJ m" .^ 
When this is compared to the surface energy of high energy substrates, such as metals, 
which have a surface energy o f >500 mJ m'^, this treatment still does not lead to a 
surface which can be described as having a high surface energy. The major factor, 
therefore, which must be contributing to the increased levels of adsorption of 
organosilanes onto the surface is the increased contribution of the polar component of 
the surface energy. This has been related by spectroscopy to the increased presence of 
phenolic -OH and carboxylic acid groups present on the surface. These are both groups 
with which the organosilane can interact.
From XPS, the major difference between untreated PET and treated PET is the 
introduction of the peak labelled C5, which was attributed to phenolic -OH, and an 
increase in the peak attributed to carboxylic acid, C6. This confirmed the assignments 
obtained from non-monochromated sources in established literature on the mechanism 
of CDT of PET. It is clear that the introduction of the groups attributed to 05 
corresponds to a significant increase in the levels of adsorbed silane, and must be 
responsible for the improved reproducibility of the results. Further justification that 
phenolic -OH groups are introduced during corona treatment, can be inferred by looking
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into the types of interaction and bonding mechanisms of the organosilanes for which 
there is evidence in Chapter 9.
Classical organic chemistry suggests that the reaction of an amino group with 
carboxylic acid is likely to result in the formation of a salt, as shown in Figure 9.1 
(124). This type of bond would be very unstable, particularly in the presence of water 
which would tend to dissolve the salt. This mechanism is the likely interaction of the 
amino end group of DAPMS with untreated PET, as the groups present on the surface 
with which interaction is likely to take place are the ester group, and the free carboxylic 
acid group. Weak interaction via the ester group is also likely to be the mechanism by 
which the aminosilane interacts with the PMMA substrate. This explains the variations 
observed in the results for these substrates, as this interaction is so easily displaced.
Amine + Carboxylic acid -------► Ammonium Salt
R— NH2 + R —  COOH  R— COO- 
R—  NH3+
F ig u r e  10 .1 ; A m m o n iu m  s a l t  f o r m a t io n  f r o m  p r im a r y  a m in e  a n d  c a r b o x y l ic  a c id
Protonation of the amine group has been reported for the interaction of aminosilanes 
with aluminium substrates (54,55), and angle-resolved XPS in this study has determined 
that some interaction of the organosilane with the corona discharge treated PET 
substrate is by means of an acid-base interaction of the amino group. An interaction of 
this type could only be produced by the presence of a strong acidic group on the surface. 
The presence of phenolic -O H  has been confirmed by high resolution XPS, and is the 
major change after corona treatment o f PET, suggesting that it is responsible for the 
increase in levels of adsorbed silane. Phenolic -O H  is significantly more acidic than an 
alcohol group with a pK» o f 10.0 for a phenol (125), but significantly less acidic than 
carboxylic acid (pK& = 3-5 depending upon the structure), so it is less likely to form a 
salt with the amino group. The interaction of the amino group with phenolic -O H  is 
likely to be by an acid-base mechanism. It is not possible to distinguish this interaction 
in the N Is spectra, as the component will have only a slight binding energy shift from
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the amino group which is not interacting. The presence of the N3 peak, attributed to the 
protonated amine is evidence that the two types of interaction are occurring. However, 
as it has already been stated, the formation of a salt via a protonated amine is likely to 
be easily displaced, whereas the acid-base interaction with the phenolic-OH is less 
likely to be displaced. It is therefore proposed that acid-base interaction is the main 
mechanism of adsorption of organosilanes onto corona discharge treated PET. Figure
10.2 illustrates the two types of interaction.
—  O
As both the PMMA and the untreated 
PET have carboxylic acid, or ester 
groups present in their molecular
structure, there should still be a certain 
level of uptake on these substrates, and 
this has been found to be the case. 
However, in the case of polymers which 
have not been surface tieated, as was the
case for the lowest energy substrates
investigated in this thesis, the polymer 
surface will have had enough time 
during processing to minimise its surface 
energy by reorientating the relatively 
mobile polar groups. This is an 
additional explanation for the low levels 
o f organosilane adsorbed onto the
surface of the untreated polymers.
Reorientation to minimise surface 
energy has been seen to occur after 
corona discharge treatment as well, 
although by a different mechanism (See 
discussion Chapter 8). For the studies o f adsorption, the treated film was placed into the
solution immediately, thus not allowing sufficient time for the reorientation to take
place before the organosilane can interacted with the phenolic -OH, which will result in 
more available sites for adsorption. Low levels o f organosilanes detected, for example 
on the PMMA and untreated PET, will lead to results that are difficult to interpret
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simply because of the large amounts of error. For example in the XPS results, if the 
levels o f silicon are such that the peak is within the noise of the spectrum, quantification 
becomes much more subjective than if  the signal to noise ratio is very high.
10.3 HOMOGENEITY
Another consequence of the low surface energies of the polymers in this study, as 
opposed to metal surfaces with much higher surface energies is the effect that surface 
inhomogeneities will have. Although ideal surfaces show a uniform surface energy, a 
"real" surface will always show some discrepancy from the ideal surface energy value. 
For example, a real surface is rarely perfectly smooth, or clean. Steel surfaces may 
include inclusions or impurities which will lead to slight variations in the surface energy 
obtained from contact angle analysis. This can be demonstrated by assuming the 
variations on the surface energy to be 5 mJ m" .^ For steel, with a surface energy of 500 
mJ m'^, ±5 will cause a variation of 2%. If the same variation in surface energy is 
assumed for the polymer substrate, then for PET with a surface energy of 43 mJ m'^, the 
variation will be -23% , therefore significantly greater than for the higher surface energy 
substrate. A result o f this is that the inhomogeneities of the surface are likely to have a 
far more profound effect on the levels of adsorption on the low energy surfaces. This is 
illustrated by the ToF SIMS imaging of organosilanes on corona discharge treated PET 
which are presented in Chapter 9. There are some areas with high levels o f organosilane 
present, and some with none at all. The surface of the high energy substrate, on the 
other hand, would have plenty of sites for adsorption, even in the areas where the 
surface energy was at its lowest.
10.4 HYDROLYSIS AND CONDENSATION
The extent of hydrolysis and condensation within the solution is still likely to have 
some effect on the way the silane is adsorbing onto the surface. It has not been 
established if the silane is condensing on the surface of the polymer as it adsorbs, or 
whether it has condensed within the solution, and it is a hydrolysed, but uncondensed, 
silanol molecule which is adsorbing. For the diaminosilane, the NMR-spectroscopy 
carried out suggests that the solution contains mostly polymerised species, but no
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experiments have been canied out within this study to ascertain the molecular weight of 
the polymerised silane, and hence to infer its size. It should be possible to establish by 
ToF SIMS analysis whether the silane is being deposited as a polysiloxane layer, or as 
uncondensed silanols, as these two different forms of the molecules will lead to 
different spectra. However, it was found instead, that although most often peaks 
corresponding to a condensed layer of organosiiane were detected, on several occasions, 
they were not, but peaks attributed to the organosiiane were still present.
The discussion presented above suggests that the interaction of the amine group can also 
occur with the low levels of polar groups present on the surface of the untreated 
polymers (although the mechanism of interaction may be different). It is therefore 
possible, that whether the organosiiane molecules are present as silanols, or condensed 
polymeric molecules, the interaction is by means of the amino group. This would 
sometimes result in a condensed film made up of the adsorption o f many condensed 
molecules. Sometimes hydrolysed molecules would interact and subsequently 
condense, which would lead to a more structured surface layer, as is seen after corona 
treatment, or sometimes a mixture of the two, depending on the exact proportions of 
hydrolysed and condensed silane in the solution.
Although whether the silane is condensed or not may have little effect on the actual 
number of molecules adsorbed, it is likely to have an effect on the final properties if 
used in an adhesive joint. If the silane is condensed, and very large molecules are 
adsorbing onto the surface of the substrate, a weak boundaiy layer could be formed. 
However, if  the uncondensed polymer molecules are adsorbing and are subsequently 
condensing on the surface, then a structured polymeric layer will be formed, which is 
able to form an interpenetrating network with the overlayer.
The suggestion fi*om all o f the ideas outlined above is that for the maximum levels of 
adsoiption of silanes, the maximum number of phenolic -OH must be present on the 
surface, with which the silanes, as monomers, or as large condensed molecules can 
interact. A low energy surface, such as the PMMA and untreated PET have very few 
sites for adsorption, and so if one large molecule is adsorbing to each, it would lead to 
some areas with a large amount of silane, and some with none (Figure 10.3). 
Alternatively, the uncondensed hydrolysed molecule could interact, but there would be
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no other molecules close enough with 
which to condense. Also, if the driving 
force for polymerisation of these 
molecules is higher than that for 
adsorption with the surface via acid-base 
interactions, the hydrolysed molecule 
interacting with the surface will desorb 
from the surface and either condense 
with another molecule in the solution, or 
it will react with another adsorbed 
hydrolysed molecule, to form smaller
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polymerised molecules at the surface. This implies that if the surface has few sites for 
adsorption, then the molecules are far more likely to interact as polymerised molecules. 
This idea is supported by the data obtained, and explains some of the variability 
observed.
After the polymer is corona treated, the increased levels of silane adsorption are 
attributed to the increased number o f polar sites for interaction. This means that if a 
hydrolysed molecule adsorbs to one of these sites, it is close enough to another to 
condense across the surface, and form the struetured layer which is observed in the data 
(Figure 10.3). The silane solution must still eontain a combination of large polymerised 
silane molecules as well, which do not appear to have adsorbed onto the surfaee. This 
may be explained by the increased surface energy resulting in a preference for the 
uncondensed molecules to adsorb onto the surface, because any uncondensed molecules 
still remaining in the solution after the one hour for which the solution is left to stand, 
must be there as a result o f the thermodynamics (or kinetics) of the solution chemistry.
10.5 PROPOSED STRUCTURE OF ADSORBED CONDENSED LAYER
Although no information can be obtained about the number of amine groups which are 
interacting via an acid-base mechanism, because the condensation reaction occurs 
simultaneously, it is unlikely that all o f the end groups are involved. These molecules 
will be present in the condensed layer on the surface with no particular orientation.
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There is a 50% chance of the orientation being at the interface or at the surface. The 
illustration in Figure 10.4 shows the structure of the type of layer which is suggested 
from the data presented in Chapter 9. The spectroscopy has shown that there is still a 
presence of protonated amine at the surface despite the fact that the salt formed between 
the carboxyiic acid group and the amine is easily removable by dissolution in water. 
After the surface has been corona treated, the structure o f the layer may be such that 
water is unable to dissolve the salt, and this bond remains within the structure of the 
condensed layer on the surface, also contributing to the improved interfacial bond 
strength.
N H 2
o < o o < o
o — Si—  O — Si — o — Si— o — S i— o —Si — 0 — 0 — Si—  O 
o ^ > o
N H 3 +
O H g -
F ig u r e  1 0 .4 : P r o p o s e d  s t r u c tu r e  o f  a d s o r b e d  n e tw o r k  o f  D A P M S  o r g a n o s i ia n e  o n  c o r o n a  d is c h a r g e
t r e a te d  P E T .
Although predicted from the high resolution N Is peak. Figure 10.4 is not consistent 
with the stratification data, which clearly shows that the silicon is closer to the surface, 
and the nitrogen is closer to the interface, which would not be the case if the amino end 
group were uppermost, as shown in the diagram. However, the hydrocarbon backbone 
between the silicon and the interacting amino group is long, and the molecules are 
unlikely to stand upright. It is more likely that they will bend round, interacting either 
with the silicon, producing a ring-like structure, or with the bridging oxygen atom. This
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would result in a layer where the silicon signal was highest at the lowest angle of 
analysis, and is consistent with the stratification data.
10.6 SUMMARY
It has been established that the corona discharge treatment o f the PET surface 
introduces phenolic -OH, which the amino group of the organosiiane interacts with via 
an acid-base mechanism. The interaction of the amino group with carboxyiic acid will 
result in salt formation, which is a bond easily removed by the presence of water. This 
is the only group present on the surface of the untreated PET with which the 
aminogroup can interact, and hence explains the low levels of adsoiption, and the 
variability of the results in the earlier chapters.
A mechanism of interaction of aminosilanes with corona discharge treated PET has 
been proposed, and a model of the adsorbed layer has been illustrated.
It has been suggested that the interaction is via the amino group, regardless of the extent 
of condensation within the solution. Despite this, the extent of the condensation 
reaction is still important for the structure of the adsorbed layer. The lowest energy 
surfaces seem to lead to large polymeric molecules adsorbing, but the corona treated, 
higher energy surface led to a more structured oriented surface layer of silane.
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CHAPTER 11 
CONCLUSIONS
11.1 INTRODUCTION
A detailed investigation into the adsorption of organosilanes on low energy surfaces has 
been carried out. The investigations were carried out on substrates which increased in 
surface energy. Initial investigations were carried out on poly(methyl methacrylate) 
(PMMA). Poly(ethylene terephthalate) (PET), was then used as a substiate with 
slightly higher surface energy. The third substrate was one with a higher surfaee energy 
still, that is PET which was corona discharge treated, as is eommon practise in industry.
The surface of the corona discharge treated PET was then characterised using angle- 
resolved XPS, ToF SIMS, and AFM. The suceessful adsorption of organosilanes onto 
these corona treated substrates led to an in depth investigation into the nature of the 
interaetion of the silane molecules with the corona treated PET surfaces.
11.2 ADSORPTION OF SILANES ON PMMA
The reasons for the poor adhesive characteristics displayed by one of the polymers was 
established by XPS and ToF SIMS to be caused by the presence of PDMS 
contamination on the surface.
The commercially available PMMA proved to have a complicated surface chemistry, 
which was not typically PMMA, and the levels of adsorbing silane were very low. 
Problems associated with ToF-SIMS analysis of thick polymer films were overeome.
Some work was carried out at the Daresbury laboratory, using the synchrotron radiation 
source. Although the results from this work were inconclusive, it did show that it is 
possible to use such a source to carry out high energy XPS on insulating samples.
241
Chapter 11: Conclusions
The investigation then moved on to cast films of PMMA onto aluminium film. This 
solved the problems of the purity of the PMMA, but introduced other problems 
associated with adsorbing an overlayer onto a layer which was itself adsorbed on to 
aluminium. The thickness of the layer of PMMA did seem to vary considerably. The 
levels of silane adsorbing were still very low, and the results were very variable and not 
repeatable. The reasons for this are unclear, but are likely to be due to the silane solution 
chemistry, as this is the most dependent upon the type of conditions at the time of 
preparation, or the low surface energy of the PMMA.
The variability of the experiments makes both verification and interpretation extremely 
difficult, although it is still possible to infer adsorption characteristics from the data 
obtained.
Auger parameters can be a useful tool for assessing interaction of the silane with the 
substrate, indicating the chemical state of the silane, e.g. indicating different 
mechanisms of interaction. However, more extensive studies need to be made than have 
been presented in this thesis.
11.3 ADSORPTION OF SILANES ON UNTREATED PET
PET was chosen as a substrate with a higher surface energy than that of PMMA, and it 
also displays higher polarity than PMMA. However, some variability of the results was 
again observed. The study of the interaction of organosilanes with this polymer has not 
eliminated either o f the identified reasons for low levels of adsorption, i.e. the solution 
chemistry being very easily influenced, or the low aerie density of sites on the surface of 
the PET.
The adsorption characteristics of the organosiiane depends on the extent of hydrolysis 
and eondensation of the solution.
Deposition of the organosiiane from aqueous solution has shown that the two silanes 
GPS and DAPMS behave differently. DAPMS shows a polysiloxane layer on the 
surface regardless of the concentration in solution, or rinsing. GPS shows a more
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condensed layer at the lower concentration, again regardless of rinsing. This must be an 
effect of the solution chemistry of the two organosilanes.
11.4 CHARACTERISATION OF CORONA DISCHARGE TREATED PET
High-resolution angle-resolved spectra were peak fitted to elucidate the mechanism of 
corona treatment of PET. The results were slightly different depending upon whether 
the polymer had already been corona treated or not. On the whole, the treatment was 
found to introduce peaks whieh could be assigned as being phenolic -OH, which was 
supported from the literature (66, 88), carboxyiic acid groups, and aliphatic 
hydrocarbons. The extra component present in the C Is spectra of the Melinex PET has 
not been identified.
ToF SIMS analysis showed that there are nitrogen fragments present on the surface of 
both of the polymers after corona treatment. There is no trace of nitrogen in the XPS 
analysis even at the most surface sensitive angle of analysis. The presence of nitrogen, 
which varies with length of time after treatment has been observed before (66) as 
discussed in section 7.12.
ToF SIMS imaging has been used to establish that the nitrogen fragments are not 
uniform across the surface, thus implying that the corona treatment is also not uniform 
across the surface. This inhomogenity of the surface has also been observed in the 
morphology by AFM analysis, especially at lower Ec.
Surface energy data was collected for the two polymers, with increasing power of 
treatment and increasing speed of treatment. The main observation was that the overall 
increase in the surface energy was mainly as a result of the increase in the polar 
component of the surface energy. For the Goodfellows PET, the length of time after 
treatment was found to be crucial to the dominance of this component, as opposed to the 
dispersive component.
Rinsing the corona treated PET was found to remove the globular morphology, but the 
surface chemistry remained almost the same. This is contrary to previous publications,
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which suggest that the surface reverts back to its original untreated chemistiy after 
washing.
From an industrial point of view, a major finding of this work is that the chemistry of 
the surface depends upon the energy of the treatment which is delivered to the surface, 
and not the speed with which it is delivered. Speed and power were interchangeable and 
when converted to Ec, could be plotted on the same scale.
11.4 ADSORPTION OF ORGANOSILANES TO CORONA DISCHARGE 
TREATED PET
The corona discharge treatment of the surface resulted in large amounts of silicon 
detected on the surface of the film, and the orientation of the molecule was determined.
Angle resolved XPS has shown the organosiiane molecules orientate with the amino 
end at the interface, and the silicon at the surface. The N Is high energy spectra showed 
evidence of an acid-base intercation, which would be interacting with the polar groups 
introduced or increased during corona treatment. This orientation has been observed 
before in other studies with other substrates.
As the power of the corona treatment increased, the layer became less structured, and 
the molecules more randomly oriented. This could be caused by the number of sites 
being so many that the molecule is unable to align itself properly, or could be as a 
consequence of the morphology of the surface at these powers.
The adsorption of silanes onto corona treated PET was found to be inhomogeneous on a 
scale which corresponded to the inhomogeneity of the corona treatment.
The behaviour of ADES was found be very different in that the levels of adsorption on 
the untreated PET was approximately the same as the levels of adsorption on the corona 
treated PET. Possible reasons for this were discussed in section 8.7.
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11.5 FINAL REMARKS
The purpose of this project was to investigate the adsorption of organosilanes on low 
energy substrates. This is an area in which very little work has been published, and as 
such, the earlier work presented in this thesis was very much on a steep learning curve. 
The development of the techniques and expertise has led to the more successful results 
with the higher surfaee energy corona ti eated PET substrates. The earlier results are also 
important from an industrial viewpoint, as they suggest that the levels of silane 
interaction is very low on such substrates, and more benefit would be gained from the 
inclusion of organosilanes if the substrates were corona treated, or treated in a way 
which increases their surface energy.
A lot of different silanes have been utilised in this investigation, and each silane is 
likely to have unique optimum conditions under which it adsorbs to the polymer 
surface. However, this study was not intended as a study of any one silane in particular, 
but to develop the methodology which can subsequently be extended to study individual 
systems in detail. Despite this it has become clear that the very low surfaee energies of 
the untreated polymers leads to very low levels of adsorption of silanes from solution.
It is very easy to envisage the silane molecules as separate entities adsorbing onto the 
substrate individually and forming a structured monolayer on the surface of the corona 
treated PET. Unfortunately, visualising the molecules in this way over simplifies the 
reality. The silane solution is left to stand for one hour, during which time it has been 
established that the diaminosilane would have condensed to some extent. This means 
that the adsorbing molecules are polymeric in nature. The extent of the condensation 
reaction will have a significant effect on the way in which the silane adsorbs onto the 
substrate, and consequently the mechanism of adhesion promotion. For this reason, the 
continuing investigations of the adsorption of silane adhesion promoters onto any 
substrate, remains with the understanding and controlling the silane hydrolysis and 
condensation reactions, as well as an understanding of the substrate.
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CHAPTER 12 
RECOMMENDATIONS FOR FUTURE WORK
Areas of useful further study which have arisen from this work aie as follows:
1, In Chapter 9 an experiment was described which was unsuccessful in this instance. 
The experiment was an attempt to confirm the orientation of the silane molecules on the 
treated PET surface. This was carried out by applying a thin layer of sealant, the 
formulation of which was such that as it cured it would react wdth any unreacted silanol 
groups, which would be present at the surface of the layer if the molecules were 
oriented in the way that has been suggested. The removal o f the sealant layer by peeling 
should lead to the removal of the silane layer from the corona treated surface, by virtue 
of the fact that the covalent bonds formed between the sealant and the silanol groups 
would be sti'onger than the protonated amine bonded to the polar groups of the PÉT. 
Analysis of the interface would lead to the detection of nitrogen on the sealant surface, 
and the removal of most, if  not all of the silicon signal from the PET surface.
The idea behind the experiment was sound, and more time spent developing the 
methodology of such an experiment could lead to a wealth of information about the 
interaction of the silane with both the sealant and the treated PET surface.
2. The study presented in this thesis has been one of the fundamental adsorption 
processes of organosiiane molecules on low energy substrates. Extending this to a more 
applied situation would involve the incorporation of the organosiiane into the sealant. A 
study on different formulations of sealant could be earned out, and the interface 
between the sealant and the substrate analysed using surface sensitive teclmiques, thus 
providing information on the mechanism of improved adhesion. Extending this idea 
even further could lead to sectioning thin layers of the sealant and analysing them to 
obtain an idea of the diffusion mechanism of the silane within the sealant towards the 
interface.
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Complications involved in this would be charging problems associated with analysis of 
the sealant, in particular with ToF SIMS. Problems associated with the detection of an 
organosiiane in a silicone sealant could be overcome by the use of labelled 
organosiiane. For example, it is possible to obtain organosilanes that include fluorine in 
the functional end group. This would make the organosiiane easier to detect with both 
XPS and ToF SIMS.
3. Some preliminary work has been carried out on Auger parameters, mostly using the 
Bremsstrahlung induced Auger parameter. The work carried out so far has proved to be 
encouraging, but insufficient work has been carried out to make any strong conclusions 
from the data. Auger parameters can yield information on the molecular structure of the 
adsorbed silane molecule. However, producing the SiXZZ, Auger peak from the 
Bremsstrahlung radiation still leaves the problems of the poor photoelectron cross- 
section of the Si 2p peak. The only way to overcome this is to use a higher energy X-ray 
source, which will allow the emission of the Si Is photoelectron. The laboratory source 
which offers the best combination of sensitivity and resolution is monochromated 
AgLa. Alternatively, as has been demonstrated in Chapter 4, synchrotron radiation can 
also be used to obtain the Si Is photoelectron pealc. Using such a source it is possible to 
record Sils - SiXZT.
A thorough study of the Auger parameters associated with the adsorption of 
organosilanes on all of the low energy substrates studied in this thesis is likely to reveal 
more information about the structure of the adsorbed molecule.
4. It has been suggested that the adsorption of large molecules at the interface may 
cause a weak boundary layer. However, if this network of molecules interact with the 
overlayer, or are forming an interpenetiating network within the sealant, then the 
formation of these large condensed molecules could be attributed to a very strong 
boundary layer (See section 2.2.7).
It would be interesting to correlate improved adhesion of the sealant-to-polymer bond, 
with the extent of polymerisation of the organosiiane. This could be earned out by 
monitoring the molecular weight increase with time. Adsorption experiments could then
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be carried out at specific times at which the moleculai* weight of the organosiiane is 
known. The levels of adsorption eould then be ascertained by XPS, and ToF SIMS 
would yield information on the type of molecules which are interacting with the surface.
The relationship between this and the improved strength of the sealant-to-polymer bond 
eould be established by incorporation of the various molecular weight organosilanes 
into the sealant, and obtaining peel strength data.
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